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 As an electrochemical energy converter, fuel cell is undoubtedly 
efficient and low in emission of pollutants. Nevertheless, there are still barriers 
for the commercialization of fuel cell. The most important challenge is the 
cost of the catalyst. Extensive research is required to enhance the performance 
of the electrocatalyst to reduce the energy cost. In this thesis, polymer 
electrolyte membrane fuel cell (PEMFC) catalysts are designed to address four 
different issues and enhance the performance of fuel cell catalyst to lower the 
fuel cell cost.  
 Pt decorated vertically aligned carbon nanotubes (VACNTs) were 
synthesized and employed as highly ordered catalyst layer for optimization of 
mass and charge transports in H2/O2 PEMFC. VACNTs were grown on 
aluminium foil by plasma enhanced chemical vapour deposition using Fe/Co 
bimetallic catalyst. Pt nanoparticles were deposited using physical deposition 
method. Membrane electrode assembly (MEA) fabricated using this method 
with a low Pt loading of 35 µg.cm-2 showed an excellent performance, 
comparable to that of a commercial catalyst with 400 µg cm-2 Pt on carbon 
black. This is attributed to the unique structure of the catalyst support that 
forms a highly ordered catalyst layer, leading to highly efficient Pt utilization.  
 Citric acid modified carbon black (CA-CB) was used as the Pt catalyst 
support for self-humidifying air breathing proton exchange membrane fuel 
cells (AB-PEMFCs). Pt/CA-CB is highly hydrophilic due to the functional 
groups attached on the carbon support, hence it is able to retain water in the 
MEA and prevent the drop in internal ionic conductivity. 23.4% enhancement 
in the output power density can be achieved by using Pt/CA-CB in place of 
commercial catalyst when oblique slit cathodes are used.  
 Metal-carbon nanocomposites (NiRuC, FeRuC, and CoRuC) as Pt 
catalyst supports were synthesized via template strategy. Bimetallic 
nanoparticles (Ni-Ru, Fe-Ru, and Ru-Co) were homogenously dispersed in 
carbon matrix and Pt nanoparticles with a size of less than 5 nm size were 





better catalytic activity than Pt/FeRuC and Pt/NiRuC and its performance for 
direct methanol fuel cell (DMFC) is closer to the commercial PtRu catalyst 
that has a slightly higher metal loading.  
 WxC and Pt-WxC (x=1 or 2) nano-catalysts supported on carbon black 
were synthesized using co-impregnation and thermal reduction method. Pt 
loading in carbon-supported Pt-WxC catalysts was reduced to as low as 5% 
while its oxygen reduction reaction (ORR) performance remained comparable 
to that of a commercial 20% Pt/C catalyst. WxC serves as an electronic 
promoter by preventing Pt from oxidation and modifying Pt d-band structure. 
WxC also prevents agglomeration of Pt particles.  
 To understand the role of WxC as the support of single-atom platinum 
catalyst the investigation on the adsorption properties of Pt on WxC(100) 
surfaces and the impact on O2 dissociation was carried out using DFT 
calculations. Pt atoms were found to be stable at various adsorption sites on 
WxC surfaces and resistant to agglomeration. The strong adsorption of Pt 
atoms on the surfaces lowers the surface energies of the Pt/WxC(100) systems 
and causes the downshift of d-band centre of the surface slabs. The adsorption 
of Pt on WxC(100) systems can generate new interface sites, where the 
reaction path on this new system is thermodynamically favourable even at 
high coverage. 
 This dissertation contains several chapters that were published and 
resulted from collaborations with different researchers. For the work presented 
in Chapter 3, I am involved in many of the material fabrication (i.e. Pt coating 
on VACNT, fabrication of MEA), data collection and analysis (SEM, TEM, 
Raman spectroscopy and PEM fuel cell testing), as well as concept formation 
(i.e. the idea of improving Pt dispersion by sputtering on front and back of 
CNT film, impregnation of Nafion solution and that improvement in mass 
transport can be achieved through the 1-D structure of CNTs). Dr. Tian 
Zhiqun was the lead investigator in this work, Dr. Lim San Hua was 
responsible for the growth of VACNTs, while the mathematical modelling in 
this chapter was mainly done by Dr. Xia ZeTao with discussion with the other 





synthesis, concept formation, data collection and analysis. Dr. Bussayajarn 
contributed in the characterization of the catalyst performance in the air-
breathing fuel cell. The concept formation, data collection and analysis of 
Chapter 5 were mainly contribution from myself, except for the material 
synthesis which was done by Dr. Su Fabing. In Chapter 6, I am responsible for 
the material synthesis, concept formation, data collection and analysis. Co-
authors have contributed in discussion on the scientific ideas. The DFT 
calculations, analysis of the results and the formation of the idea in Chapter 7 
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Chapter 1. Introduction 
1.1 Motivation 
 Report shows that worldwide power consumption in 2008 was about 
13 terawatt (13 x 1012 watt), 86% of which was based on fossil fuels while 
only 6% from renewable sources [1]. The high dependence on fossil fuels as 
energy sources has made the issue of depletion of fossil fuels caused by an 
ever-increasing demand for energy more challenging. Furthermore, the 
consumption of fossil fuels leads to emission of green house gases like CO2 as 
well as other air pollutants such as sulphur dioxide, nitrogen oxides and other 
volatile organic compounds. These emissions contribute to global warming, 
acid rain and degradation of air quality, which threaten the sustainability of 
environment and human health.  
 As the fuel to power the economic engine, energy plays a vital role in 
the national security of a country. Since the source of energy is highly 
dependent on fossil fuels, this energy security is greatly influenced by the 
political instability of the oil producing countries, the competition from 
different countries for energy sources, as well as accidents and natural 
disasters. Countries that are dependent on foreign oil supplies are especially 
vulnerable to the threats to energy security.  
 Development of renewable, clean energy and efficient utilization of 
energy use are crucial in mitigating the environmental impact caused by the 
energy industries and enhancing the energy independence and security of the 
countries. For instance, hydrogen production from renewable sources and its 
utilization in fuel cell systems for electricity generation, heat supply and 
transportation helps to mitigate the emission of green house gases and air 
pollutants, as well as to enhance energy security due to less dependence on 
fossil fuels. In a 1970 technical report by Lawrence W. Jones, hydrogen 
economy was proposed as the solution to the negative effects of using 
hydrocarbon fuels [2].  Hydrogen economy is an energy supply and delivery 
system that utilizes hydrogen as an energy carrier. The main challenges for the 
realization of hydrogen economy are the production, storage and efficient 




utilization of hydrogen energy. In 2007 the global production of hydrogen is 
about 100 million metric tons and 98% of the hydrogen is produced from the 
reforming of fossil fuel [3]. This seemed to mean that the utilization of 
hydrogen energy does not help in the reduction of CO2 emission, however a 
2004 report by the National Academy of Engineering asserted that most of the 
current hydrogen supply chains for fuel cell vehicles would release less CO2 
into the atmosphere than would petrol used in hybrid electric vehicles (well to 
wheel emission) [4]. This is mainly due to the extremely low emission of fuel 
cell vehicles and hence outperformed internal combustion engines that use 
fossil fuels with high carbon content. Therefore, hydrogen economy has 
advantage over the current fossil fuel economy even at the early stage of its 
development. Nevertheless, to achieve the full benefits of the hydrogen 
economy, hydrogen has to be produced from non-fossil resources, such as 
water through a renewable source. Water splitting could be achieved 
catalytically with a photocatalyst, by electrolysis using the current from 
renewable sources such as wind, solar radiation or hydropower or by 
thermolysis operating at higher temperatures using heat sources from solar 
thermal collectors or nuclear reactors [5]. In recent years, bio-inspired 
processes are being investigated for hydrogen production [6-9]. These 
biological hydrogen production often utilize enzymes called hydrogenases that 
have metal centres capable of catalyzing H2 evolution. All these methods of 
hydrogen production still require fundamental research to compete with 
tradition fossil fuels in cost and efficiency. 
 The storage of hydrogen is another challenging aspect in hydrogen 
economy. Conventionally, hydrogen is stored as cylinders of liquid or high 
pressure gas. This method not only imposes severe energy cost for the 
compression of hydrogen, the cylinders are heavy and take up a lot of space, 
hence it is only viable for industrial plants and laboratories, but not suitable for 
onboard hydrogen storage due to the volume and weight restriction. For 
practical use of fuel cell vehicles, it requires hydrogen to be stored at densities 
higher than its liquid density.  A lot of different technologies were investigated 
for hydrogen storage. They can be either physical storage or chemical storage 
depending of the type of bonding, most of the proposed technologies are 




actually based on chemical storage. Metal hydrides [10], carbohydrates [11], 
liquid organic hydrogen carriers such as N-ethylcarbazole [12], formic acid 
[13], imidazolium ionic liquids [14], clathrate hydrates [15] as well as novel 
materials like graphene [16] are being investigated as possible materials for 
new hydrogen storage technology. The U.S. DOE targets of hydrogen storage 
at system level in 2010 was 28 kg H2/m3 (system volumetric capacity) and 4.5 
wt% (system gravimetric capacity), while the targets for 2015 is 28 kg H2/m3 
and 5.5 wt% respectively [17]. In 2010, two technologies are able to meet the 
DOE targets. A zinc benzenetribenzoate metal−organic framework material, 
MOF-177 exceeds the 2010 DOE target for volumetric capacity, while cryo-
compressed H2 (CcH2 in the report) is the only technology that can meet the 
2015 DOE target [17]. Nevertheless, most of the technologies are still far from 
the ultimate DOE targets at 70 kg H2/m3 and 7.5 wt% for system volumetric 
capacity and system gravimetric capacity respectively. The DOE targets for 
storage system cost are even more difficult to achieve, with most of system 
cost of the technologies estimated around $20-$30/kWh, it seems impossible 
to reach the DOE target for 2015, which is $2/kWh.  
 Other than the storage capacity and material and system cost, the 
cycling performance is another challenging aspect. For achieving the high 
gravimetric capacity, strong chemical bonds between hydrogen and light-atom 
storage materials are required. But for fast cycling weak chemical bonds, fast 
kinetics, and short diffusion lengths are needed. Therefore, the high-capacity 
and fast-recycling requirements are actually in conflict. Hydrogen storage is 
definitely a key challenge for the success of hydrogen economy, but it is being 
viewed as challenge as well as opportunity for basic science as mentioned in 
the review by G.W. Crabtree et al. [5] 
 As the tools for the utilization of hydrogen energy, fuel cells serve as 
electrochemical devices that directly convert chemical energy stored in fuels 
such as hydrogen or hydrocarbons to electricity through a chemical reaction 
with oxygen or other oxidizing agents. Fuel cell systems are highly efficient. 
The efficiency can be as high as 60% for pure electrical generation and 85% 
for combined heat and power (CHP) generation with more than 90% 




reductions in common pollutants (e.g. carbon monoxide, nitrogen oxides, 
sulphur dioxide and particulate matter) [18]. Combine with sustainable 
hydrogen production technologies, fuel cell systems fulfil the criteria of 
renewable, clean and efficient energy for the mitigation of the aforementioned 
environmental impacts.  
 Fuel cells are usually categorized by the type of electrolyte used. For 
example fuel cells that use a solid oxide material as the electrolyte are called 
solid oxide fuel cells (SOFC) while another common type is the polymer 
electrolyte membrane fuel cell or proton exchange membrane fuel cell 
(PEMFC). Compare to SOFC which conduct negative oxygen ions at high 
temperature (500 to 1000oC), PEMFCs are much more suitable for 
transportation and portable devices since they have low operating temperature, 
high power density and short start-up time. Nevertheless, there are still 
barriers for the commercialization of PEMFCs. The greatest barriers are the 
cost and durability of the fuel cell components. Recently, Hyundai announced 
that their Hyundai ix35 Fuel Cell car will go into medium scale production in 
Europe starting from 2015. The Hyundai fuel cell vehicle is an integral part of 
the London Hydrogen Network Expansion (LNHE) project, which is a 
government-backed initiative co-funded by the Technology Strategy Board of 
UK. Review indicated that these cars will be very expensive to manufacture 
even with government support due to the very costly fuel cell stack [19]. 
The cost mainly comes from the use of PEM and Pt based electrocatalysts ink 
and its application (including the use of Nafion© ionomer as binder), which 
are around 10% and 40% of the total stack cost in 2008. The DOE target for 
the total stack cost is $15/kW for 2015, hence there is still room for 
improvement in enhancing the catalyst performance and reduce the cost of the 
catalyst [20]. Hence due to the importance of the electrocatalyst to PEMFCs, 
in this thesis the research focuses on the design, synthesis and characterization 
of the low cost electrocatalysts for PEMFCs. 
 





 Catalyst design is the process of employing scientifically based 
knowledge to rationally develop a new catalyst for a specific reaction under 
specific conditions. In recent years, modern experimental, simulation and 
modelling tools are employed to design rational directions for new catalysts 
with improved performance for catalyzed reactions. Catalyst design is 
important since there is no "one-size-fits-all" catalyst for different reactions 
and reactors designs. Designing new catalysts for PEMFCs also faces the 
challenges of difference in cell designs, operating conditions as well as 
different reactions at anode or cathode of PEMFCs.  
 The aim of the thesis is to design and synthesize catalysts for PEM fuel 
cell processes and to acquire a fundamental understanding of how these 
catalysts work. The level of control in catalyst design can be categorized 
according to dimensional perspective. At molecular level, the parameters 
being control in the catalyst design is the geometrical and the electronic 
properties of active sites and this will influence the activity for the reactions 
being considered, while at nanoscale level, the number and distribution of the 
active sites as well as the environment around the active sites are being 
controlled to change the conversion rate, selectivity, wettability and 
multiphase (i.e. gas, liquid and solid) contact of the catalyst. Finally, at 
microscale level, the structure of the catalyst materials will dictate the catalyst 
effectiveness, mechanical strength as well as transport and diffusion of the 
reactants [21]. 
 In this thesis, catalysts are designed to address four different issues in 
PEMFCs: 
(a) Mass transport loss in H2/O2 PEMFCs, 
(b) Water management due to electro-osmotic drag in air breathing, self-
humidifying PEMFCs, 
(c) Improvement of methanol oxidation reaction (MOR) at fuel cell anode and  
(d) Enhancement of ORR at fuel cell cathode 




 These issues are correlated with the multi-dimensional levels of control 
for catalyst design as mentioned above. The catalyst design for reducing the 
mass transport loss in H2/O2 PEMFCs has to be considered at microscale level, 
where the structural properties of the catalyst or catalyst support plays a vital 
role to influence the catalyst utilization and mass transport properties, while to 
solve the water retention issue for air breathing self-humidifying PEMFCs, 
modification at the nanoscale level is required to improve the wettability of the 
catalyst. Finally, the last two issues are related to the intrinsic catalyst activity 
for MOR and ORR, where the design of catalysts is at the molecular level, and 
thus involves changing the properties of the active sites for the reactions. 
 In this thesis, four electrocatalysts for PEMFCs were developed and 
characterized to address the issues mentioned above: 
(a) Pt decorated vertically aligned carbon nanotubes (VACNTs) was 
synthesized and employed as highly ordered catalyst layer for efficient 
utilization of Pt catalyst in H2/O2 PEMFC. 
(b) Surface functionalized carbon support was utilized to improve the 
hydrophilic property of the catalyst layer. This approach enhances wettability 
of the catalyst layer and hence improves the performance of the air-breathing 
PEMFC. 
(c) Transition metal doped ordered mesoporous carbon was fabricated as Pt 
catalyst support to enhance MOR. 
(d) Tungsten carbide (WxC) doped Pt nanocomposite was manufactured and 
applied for improvement in ORR. 
 These catalysts were characterized and analyzed by experimental and 
theoretical methods to understand the factors that affected the fuel cell 
performance. The understanding gained from the investigation of these 
catalysts is important for the design of more efficient catalysts in the future.  





1.3.1 Synthesis methods 
1.3.1.1 Impregnation of precursors on catalyst support 
 In this thesis, impregnation method is generally used when 
incorporating metal precursors into a catalyst support which is usually a 
porous material. The simplest way to do this is by contacting a dry support 
material with the precursor dissolved in aqueous or organic solution. The 
capillary action will draw the solution into pores inside the support, hence it is 
also recognized as "capillary impregnation". If all the solution is absorbed by 
the support and there is no excess solution outside the pores, the procedure is 
called "dry" or "incipient wetness" impregnation [22]. The precursor 
impregnated support is later dried and subsequently calcined or  reduced to 
produce solid catalyst. 
 
1.3.1.2 Plasma enhanced chemical vapour deposition 
 Plasma enhanced CVD (PECVD) or plasma assisted CVD is a sub-
category of CVD processes that utilizes plasma to dissociate the precursor 
gases to more reactive species in order to reduce the reaction temperature. 
Here, the PECVD system was used to synthesize vertically aligned CNTs as 
catalyst support. There are different types of plasma source used for the 
growth of CNTs: direct current (DC), hot-filament aided DC, radio frequency 
(RF), RF with magnetic enhancement, microwave and inductively couple 
plasma. In this work, the plasma of the PECVD system is generated by RF 
signal between the electrodes within the reactor chamber as shown 
schematically in Figure 1.1. 







 The PECVD chamber is connected to a turbo molecular pump (TMP) 
and a rotary pump (RP), for pumping the chamber to low vacuum (~ 10-5 Torr) 
for the removal of O2 impurities and water vapour and controlling the growth 
pressure at 1-20 Torr. Mass flow controllers (MFC) are connected to the 
chamber to supply the carbon source gas (e.g. C2H4) and H2 for the growth of 
CNTs. The growth of CNTs is assisted by the precursor dissociation by the 
plasma which reduces the reaction temperature for precursor dissociates on the 
surface of the catalyst particles, producing the carbon species for the growth of 
CNTs. The electric field in the plasma also assists the formation of vertically 
aligned CNTs [23]. This is an important reason for using PECVD for growing 
CNTs. 
 
1.3.1.3 Direct current (DC) sputtering and radio frequency (RF) magnetron 
sputtering 
 In this thesis, sputtering deposition method was used to decorate 
carbon nanotubes with Pt nanoparticles. Sputtering deposition involves the 
bombardment of a "target" (Pt was used in this work) at the cathode by 
energetic ion beam which ejects the materials from the target and deposits 











Figure 1.1 Schematic diagram of the radio frequency PECVD system used for the 
growth of CNTs. 




them on a substrate (anode). Typically an inert gas such as Argon is used as 
the sputter gas for non-reactive sputtering. Magnetron is often employed to 
increase the formation of energetic ions for the sputtering. In the strong 
magnetic field created by the magnetron, the ions and electrons move in 
helical paths hence increase the number of ionizing collisions and also the 
sputtering rate. This enables the plasma for the sputtering process to sustain at 
lower pressure.  
 DC sputtering is simple and easy to implement since it has a simple 
construction. The voltage applied across the anode and cathode is typically 2 
to 5 kV while the chamber pressure will be around 1 to 100 mTorr to sustain a 
stable plasma, these parameters will vary depending on the dimensions of the 
chamber and the target material. The deposition rate of DC sputtering is low 
and the high pressure might degrade the quality of the deposited film.  
 RF sputtering utilizes oscillating voltage instead of applying DC 
voltage at the cathode. The voltage applied is oscillating at radio frequency 
which is typically 13.56 MHz. This method can avoid the charge build-up on 
insulating targets that would extinguish the plasma for DC sputtering. RF 
sputter coating machine usually includes a capacitor in the matching network 
circuit to enable the use of metal target. RF sputtering can be operated at lower 
pressure (0.5 to 10 mTorr) and the plasma generated can extend to the whole 
chamber, unlike DC sputtering the plasma only confined to the region near the 
cathode. In general, the plasma generated in RF sputtering is more stable 
compared to DC sputtering and the deposition rate is higher. 
 
1.3.2 Experimental characterization 
1.3.2.1 Scanning electron microscopy 
 Basically scanning electron microscopy (SEM) operates by utilizing 
the field emission electron gun (FEG) to send an electron beam to the surface 
of the sample within a vacuum column (with pressure of typically 10-5 to 10-6 
Torr), passing through a series of lenses (condenser and objective) that focuses 
and controls the diameter of the beam and a series of apertures before 




interacting with the surface of the samples. The interaction of the electron 
beam with the samples produces several types of signals such as secondary 
electrons, back-scattered electrons, characteristic X-rays, cathodeluminescene 
and Auger electrons. These signals can be detected by installing different 
types of detectors. The most common detection mode is usually the secondary 
electron imaging mode (SEI). SEI was used for  characterization of the 
morphology of the catalyst layer in this work. SEI can provide high resolution 
images and since the electron can be focused into a very narrow beam. The 
images produced can have very large depth of field, which is ideal for imaging 
three dimensional nanostructures as presented in Chapter 3. 
 
1.3.2.2 Transmission electron microscopy 
 All bright field images in this thesis are taken using a Tecnai G2 TF20 
high resolution transmission electron microscopy (TEM) equipped with a 
Schottky field emitter and high resolution symmetric objective lens (S-TWIN). 
Like SEM, the field emission gun sends electron beam down a vacuum 
column, passing through series of lenses and apertures to reach the sample. 
The difference is that in TEM we are interested in the electron beam 
transmitted through the samples. Bright field images are usually obtained by 
placing an aperture to allow only the direct beam to pass through the samples. 
Bright field images are formed through the interaction of the direct beam with 
the sample. Thick areas, heavy atoms and crystalline areas appear as dark 
region while regions with no or little sample in the beam path will appear 
bright. The image obtained is a two dimensional projection of the sample. Due 
to the small de Broglie wavelength of the electrons, TEM imaging is capable 
of reaching very high resolution, allowing the imaging at atomic scale, 
suitable for the investigation of the crystalline structures of nanocatalysts. 
 
1.3.2.3 Raman spectroscopy 
 Raman spectroscopy is a scattering based vibrational spectroscopy 
which utilizes the phenomenon of Raman scattering (inelastic scattering) to 




study material properties. A Raman spectrometer usually uses a 
monochromatic laser light beam to interact with the atoms or molecules in a 
system that includes molecular vibrations and phonons excitation and 
consequently measure the shift in the energy of the photons that are 
inelastically (Stokes or anti-Stokes) scattered from the system. Measurement 
of these shifts in the photon energy gives the information on the vibrational 
modes of the system. Raman spectroscopy is most sensitive for the 
characterization of covalent bonds that are highly symmetric and with little or 
no natural dipole moment. This is exactly why it is widely used for 
characterization of carbon materials. Raman spectroscopy can detect the 
changes in the morphology of carbon nanostructure easily since the Raman 
signals are highly dependent on the vibrational frequency of carbon 
nanostructure. For instance, the tangential vibration of sp2 bonded carbon 
atoms in honeycomb structure give rise to the G-band (graphite) that is located 
around 1580 cm-1 while the hybridized vibrational mode associated with 
graphene edges or defects produces the D-band  around 1350 cm-1. D-band is 
usually referred to the defect band and its intensity relative to G-band is used 
as an indication of the quality of carbon nanostructures. The Raman spectra in 
this thesis were acquired using the Horiba JY LabRaman HR 800 micro 
Raman spectrometer with a liquid nitrogen cooled CCD detector (HORIBA 
Scientific). 
 
1.3.2.4 Fourier Transform InfraRed  spectroscopy 
 Similar to Raman spectroscopy, Fourier Transform InfraRed (FT-IR) 
spectroscopy is a type of vibrational spectroscopy to measure how well a 
sample absorbs, reflects or transmits light at each different wavelength. The 
resulting spectrum represents the molecular absorption and transmission, 
creating a molecular fingerprint of the sample, with the peaks corresponding to 
the frequencies of vibrations between the bonds of the atoms making up the 
material. 
 In a FT-IR spectrometer, a Michelson interferometer is used to create 
modulated waves from a polychromatic infrared source which contains a 




different combination of frequencies from the polychromatic infrared light 
source. This resulting signal which is called an interferogram is then 
transmitted through or reflected from the surface of the sample. The changes 
in the infrared spectrum (in the form of interferogram) received by the detector 
needs to be processed using Fourier transformation before the final infrared 
spectrum is obtained. The FT-IR spectrometer used in this work is the 
EXCALIBUR FTS3000MX and transmission spectra are acquired for analysis. 
 
1.3.2.5 X-ray diffraction  
 X-ray radiations are often used to produce diffraction patterns from 
crystalline materials since their wavelengths are typically similar to the lattice 
spacing of the crystals (in the order of angstroms). The diffraction of X-rays 
within the crystal planes are governed by Bragg's law. Fuel cell catalyst 
particles were characterized using X-ray diffraction (XRD) for the 
identification of the crystalline phase of the catalyst materials. X-ray 
diffractometer used in this work is the Bruker D8 diffractometer, where the 
powder samples are mounted on a stage while the X-ray tube and the detector 
rotate around it. This configuration is particularly common for powder 
diffraction measurement. The X-ray is generated through the collision of 
electron beam which is accelerated by a strong electric potential of 40 kV with 
the copper target. The bremsstrahlung and other spectral lines are filtered, 
leaving a monochromatic X-ray (Cu Kα) with the wavelength of 1.5418 Å.  
 Apart from the investigation of the crystal structure and the 
identification of different metal phases, the diffraction patterns obtained from 
XRD can also be used to estimate the size of nanoparticles or crystallites. The 
broadening of a peak in a diffraction pattern is found to be related to the size 
of the nanoparticles through the Scherrer equation: 
𝛽(2𝜃) = 𝐾𝜆
𝑑 cos𝜃
        1.1 
where 𝛽(2𝜃) is the full width at half maximum intensity (FWHM in radians), 
𝐾 is the dimensionless shape factor or known as the Scherrer constant, 𝜆 is the 
X-ray wavelength, 𝑑 is the mean size of the order domains (crystallites) and 𝜃 




is the Bragg angle. The values of the Scherrer constant varies from 0.62 to 
2.08 depending on the method of determining the peak width, the shape and 
symmetry  as well as the size distribution of the crystallites. When FWHM is 
used to determine the width of the broadening lines, 𝐾 does not vary much 
with the reflecting planes (ℎ𝑘𝑙) or crystallite shape, hence a value of 0.9 is 
often adopted as a first approximation [24]. 
 
1.3.2.6 Brunauer, Emmett and Teller theory for specific surface area 
measurement 
 Brunauer, Emmett and Teller (BET) theory of gas adsorption is an 
extension of the Langmuir theory. It applies the monolayer molecular 
adsorption theory to multilayer molecular adsorption with a number of 
assumptions such as the surface is homogeneous, there is no lateral interaction 
between the molecules, the number of physically adsorbed layers becomes 
infinite at saturation pressure, the upper most layer is in equilibrium with the 
vapour phase and the Langmuir theory can be applied to each layer. Since 
BET theory is a multilayer molecular adsorption, it can be used for the 
estimation of surface area of porous materials. BET equation as proposed by 














�       1.2 
where 𝑊is the weight of gas adsorbed, 𝑃0/𝑃 is relative pressure, 𝑊𝑚  is the 
weight of adsorbate as monolayer and  𝐶 is the BET constant.  
The weight of monolayer (𝑊𝑚 ) can be obtained from a linear plot of 1/
�𝑊�(𝑃0/𝑃) − 1�� against 𝑃/𝑃0 obtained from the adsorption isotherms. The 
linear plot has the slope, 𝑠 = (𝐶 − 1)/(𝑊𝑚𝐶) and the intercept, 𝑖 = 1/(𝑊𝑚𝐶) 
and the weight of monolayer is given by: 
𝑊𝑚 = 1/(𝑠 + 𝑖)        1.3 
The specific surface area is obtained from 𝑊𝑚: 




𝑆𝐵𝐸𝑇 = 1𝑤 �𝑊𝑚𝑁𝐴𝐶𝑆𝑀 �         1.4 
where 𝑤  is the sample weight, 𝑁  is the Avogadro's number, 𝑀  is the 
molecular weight of adsorbate and 𝐴𝐶𝑆 is the adsorbate cross sectional area 
which is 16.2 Å2 for nitrogen.  
 The adsorption and desorption isotherm are typically measured using 
nitrogen gas at the liquid N2 temperature (77K). The isotherms in this thesis 
are recorded using an automatic volumetric sorption analyzer by 
Quantachrome (AUTOSORB 6B) and the subsequent analysis of the porosity 
and the pore structure of the samples are done using Autosorb software. 
 
1.3.2.7 X-ray photoelectron spectroscopy and Ultraviolet photoelectron 
spectroscop 
 The working principle for both X-ray photoelectron spectroscopy (XPS) 
and ultraviolet photoelectron spectroscopy (UPS) stemmed from the 
photoelectric effect which was explained by Einstein in 1905. The ionization 
energy of the electron can be provided by a X-ray photon (XPS) or an 
ultraviolet photon (UPS). Typical radiation source for XPS is the Mg Kα with 
hν = 1253.6 eV or Al Kα with hν = 1486.6 eV, while typical radiation source 
for UPS is Helium lamp with  He I radiation at hν = 21.2 eV or He II radiation 
at hν = 40.8 eV.  
 XPS is usually used to study chemical composition of surfaces from 
the energy measurement of the ejected electrons, therefore it is also known as 
electron spectroscopy for chemical analysis (ESCA). XPS spectra were 
collected by irradiation of the material being studied with either Mg Kα or Al 
Kα X-ray and simultaneous measurement of the intensities and the kinetic 
energies of the electrons escaped from the surface. The measurement of the 
kinetic energy of the electrons is done by the electron energy analyzer which 
selects electrons with specific energy using a retarding electric field, while the 
number of electrons is measured by an electron multiplier (e.g. a channeltron). 




The XPS spectra are often plotted with the binding energy of the electrons as 
the x-axis. The binding energy 𝐵𝐸 is obtained by: 
𝐵𝐸 = ℎ𝜐 − 𝐾𝐸 −  Φspec         1.5 
where ℎ𝜐 is the energy of the radiation source, 𝐾𝐸 is electron kinetic energy 
and Φspec is the spectrometer work function.  
 The working principle of UPS is the same as XPS except that the 
radiation source for the two spectroscopic methods are different. Due to the 
high energy of X-ray photons, XPS is suitable for the study of the core-levels 
while UPS which utilizes low energy photons is convenient for the 
examination of the valence band.  
 XPS spectra in this thesis were performed on a VG ESCALAB 250 
spectrometer (Thermo Electron, Altrincham, U.K.), using an Al Kα X-ray 
source (1486.6 eV), while UPS spectra were collected in the same setup, using 
high intensity UV lamp as the excitation source which emits resonance 
radiations of 21.2 (He I) and 40.8 eV (He II). 
 
1.3.2.8 Cyclic voltammetry and Rotating disc electrode measurement 
 Cyclic voltammetry (CV) is a potential sweep technique that is 
commonly used for the characterization of the electrochemical behaviour of a 
material. CV is basically done by cycling the potential between two potentials 
and recording the current response within the potential range. In the common 
three electrode configuration (Figure 1.2), the material of interest is placed at 
the working electrode whose potential is defined with respect to the reference 
electrode and the current flowing between this working electrode and a 
counter electrode is being recorded. Before the start of the potential sweep, the 
working electrode is often held at a potential V1 that does not initiate any 
electrochemical reaction. Subsequently a triangular potential sweep is applied 
at the working electrode. The potential of the working electrode increases until 
it reaches V2, the potential specified in the forward scanning and then reverse 
back to the initial potential V1 as a complete cycle. The potential sweep is 




usually carried out in a constant rate that can vary between 1 and 1000 mVs-1. 
Within the range of the potential scan, oxidation or reduction of 
electrochemically active species may be observed depending on the 
electrochemical system being studied. The CV measurements can be repeated 
for many cycles to observe the stability of the tested materials. 
 
 During CV measurement, the electrolyte solution often remains 
stagnant hence diffusion is the dominant process for the transport of the 
reactants (such as O2 dissolved in the electrolyte solution) to the surface of the 
electrode. In some cases, such as the study of the reaction kinetics of ORR, a 
series of mass transport limited reactions are involved. Therefore, a method 
for controlling the mass transport of  reactant to the surface of the catalyst 
material is required. Forced convection is an effective method for increasing 
the mass transport rate to the surface of the electrode especially for porous 
catalyst coated electrodes. This is usually achieved by using a rotating disk 
electrode (RDE). When the electrode rotates, the reactant is dragged into the 
porous surface of the catalyst and the product is spun away from the surface. 
At steady state, a laminar flow of solution towards and across the surface of 
electrode is formed. The rotation speed typically ranges from 5 to 10000 
revolutions per minute (rpm). The potential sweep rate should be slow with 









Figure 1.2 Illustration of a three electrode electrochemical cell setup.  
Ref: reference electrode 
W: working electrode 
C: counter electrode  




concentration profile. Polarization curves for the reaction can be obtained at 
different rotating speeds and the diagnosis of the electrochemical mechanism 
can be done using the Koutecky-Levich method.  
 
1.3.2.9 Electrochemical impedance spectroscopy(EIS) 
 It is necessary to introduce the concept of impedance in the study of 
electrochemical process because an electrode interface undergoing an 
electrochemical reaction is typically analogous to an electronic circuit 
consisting of a specific combination of resistors, inductors and capacitors 
(representing double layer structures etc). The impedance caused by the 
inductance and capacitance effects is collectively referred to as reactance and 
forms the imaginary part of complex impedance whereas resistance forms the 
real part. 
  EIS is usually done by sending a small sinusoidal potential (∆𝐸 sin𝜔𝑡) 
to perturb the system and measuring the current response to the perturbation 
which is also sinusoidal (∆𝑖 sin(𝜔𝑡 + 𝜙)). Impedance is represented as a 
complex quantity 𝑍, which is expressed in polar form as: 
𝑍 = |𝑍|𝑒𝑗𝜙            1.6 
where the magnitude |𝑍|  represents the ratio of the voltage difference 
amplitude ∆𝐸 to the current amplitude, i.e. |𝑍| = ∆𝐸/∆𝑖, while the argument 
𝜙 gives the phase difference between the voltage and current. The imaginary 
unit 𝑗 is used instead of 𝑖 is to avoid confusion with the symbol of electric 
current. The impedance is also presented in Cartesian form: 
 𝑍 = 𝑅 + 𝑗𝑋              1.7 
where the real part of the impedance  is the resistance 𝑅 and the imaginary 
part is the reactance 𝑋. 
 Electrochemical processes such as charge transfer, electronic and ionic 
conduction, mass transport and double layer charging occur simultaneously 
within the catalyst layer, hence deconvolution using mathematical tools is 




required. The easiest and the most commonly used method is the equivalent 
circuit model.  In the equivalent circuit model, the electrochemical processes 
can be represented as circuit elements and these processes can be identified 
through fitting and electrochemical parameters can be obtained from the fitting 
with these circuit elements. The impedance (𝑍(𝜔)) obtained from EIS are 
often presented in a "Nyquist plot" where the real part of 𝑍(𝜔) (𝑅𝑒(𝑍)) is 
plotted at X-axis  and the imaginary part (𝐼𝑚(𝑍))is plotted on the Y-axis. 
Nyquist plots for simple equivalent models are shown in Figure 1.3. 
 
 When we have a working electrode immersed in an electrolyte and the 
surface of the electrode is very inert and there is no electrochemical reaction 
Figure 1.3 Nyquist plots and equivalent models for (a) purely capacitive cell, (b) 








occurring on the surface, this electrochemical cell is purely capacitive and can 
be modelled by the equivalent circuit in Figure 1.3a as a resistor and a 
capacitor connected in series. The curve in the Nyquist is a straight line with 
the intercept 𝑅𝑒 which is the resistance of the electrolyte at the X-axis. The 
total impedance of this circuit is given by: 
𝑍(𝜔) = 𝑅𝑒 − 𝑗𝜔𝐶𝑑𝑙         1.6 
where 𝑗 = √−1  and 𝐶𝑑𝑙  is the double layer capacitance of the interface 
between the electrode and the electrolyte. 
When there is charge transfer reaction occurring at the electrode, the Nyquist 
plot for this electrochemical system looks like a semicircle in Figure 1.3b. 
This is a typical plot for the simplified Randles cell and the equivalent circuit 
model is presented on the right hand side of Figure 1.3b. The total impedance 
is given by: 
𝑍(𝜔) = 𝑅𝑒 + 11/𝑅𝑐𝑡+𝑗𝜔𝐶𝑑𝑙        1.7 
where 𝑅𝑐𝑡  is the charge transfer resistance. Notice that when 𝑅𝑐𝑡 → ∞ , 
Equation 1.7 reduces to Equation 1.6 where the impedance is too high for any 
charge transfer to happen. 
 Often the polarization on the working electrode is due to a combination 
of kinetic and diffusion processes. Hence Figure 1.3c shows the equivalent 
circuit model that uses a Warburg impedance to represent the impedance to the 
diffusion of the active species in the electrolyte. The contribution of Warburg 
is small initially at high frequencies  (the EIS scan is often from high 
frequency to low frequency) since the diffusion paths of the reactants are short. 
At lower frequencies, the distance for the diffusion becomes further and the 
Warburg impedance increase, this is shown by the straight line at low 
frequencies in the Nyquist plot (Figure 1.3c). The total impedance of this 
system is given by: 
𝑍(𝜔) = 𝑅𝑒 + 11/(𝑅𝑐𝑡+𝑍𝑊)+𝑗𝜔𝐶𝑑𝑙       1.8 




with 𝑍𝑊 defined as:  
𝑍𝑊 = 𝜎√𝜔 tanh�𝑙�𝑗𝜔𝐷 � (1 − 𝑗)       1.9 
where 𝜎 is the Warburg constant, 𝑙 is the thickness of the catalyst layer and 𝐷 
is the diffusion coefficient.  
 The experimental spectra obtained are fitted by choosing the 
appropriate equivalent circuit model to obtain the electrochemical parameters 
of interest. This is usually done using a non-linear least square algorithm with 
initial estimates for all the model's parameters. The impedance spectra in this 
thesis is obtained using an Autolab PGSTAT302 electrochemical test system 
(Metrohm, The Netherlands) and the Frequency Response Analysis (FRA) 
software provided by Metrohm.  
 The EIS study can unravel information about the interface, its structure 
and the underlying electrochemical reaction occurring during steady-state 
operation of the system. 
 
1.3.3 Mathematical models 
 The model of random carbon powder based catalyst layer is set up 
based on water-filled agglomerates model at the agglomerates level[26] and 
macrohomogeneous model [27, 28] at the catalyst layer level.  
 The water-filled agglomerate model is based on Nernst-Planck 
equation of proton transport in water-filled channels, Poisson equation for 
proton charge density in agglomerates, and the Fick’s law of oxygen diffusion 









𝑐H+(𝑟) 𝑑∅(𝑟)𝑑𝑟 �� =  𝑅a2𝐹𝐷
H+
eff 𝑗F(𝑟)               1.10 
where 𝑟 is the radial coordinate inside the agglomerate, 𝑐H+(r)  is the local 
proton concentration, 𝐹  is the Faraday's constant, 𝑅  is the universal gas 
constant, 𝑇  is the fuel cell operating temperature, ∅(r) is the local electric 




field in pores, 𝐷H+
eff  is the effective diffusion coefficient of proton in water-
filled pores, 𝑅a   is the radius of agglomerate particle and  𝑗F(r)  is the 
volumetric current generated in the agglomerate. 










𝑐H+(𝑟)                  1.11 
where  𝜀  is the relative dielectric constant of liquid water and 𝜀0  is the 
permittivity of vacuum. 







� =  𝑅a2
𝐹𝐷O2
eff 𝑗F(𝑟)                 1.12 
where 𝑐o2(𝑟)  is the local O2 concentration and 𝐷O2eff  is the oxygen diffusion 
coefficient in liquid-water filled agglomerates. 
 At the catalyst layer level, the macrohomogeneous catalyst layer model 
is used to describe mass and charge transports. For the model of ordered 
VACNTs catalyst layer, it is only based on macrohomogeneous model. That is 
because Nafion© is uniformly distributed along the surface of Pt catalyst on 
VACNTs in the catalyst layer, and there are no agglomeration of catalyst 
particles. The macrohomogeneous catalyst layer model is governed by Ohm’s 
law of proton transport, conservation equations of mass and electrical charges 
and Fick’s law of gaseous diffusion of oxygen. 





 𝑗(𝑧)                   1.13 
where 𝜂(𝑧) is the overpotential at 𝑧 (𝑧 = 0 at PEM side and 𝑧 = 𝐿 at GDL 
side), 𝑗(𝑧) is the proton current density, 𝑙c is length of cylindrical pores in the 
catalyst layer and 𝜎eff is the effective proton conductivity. 
 The equation for charge transfer is given by:         






= 𝑙c 𝑗F(𝑧)                   1.14 
where 𝑗F(𝑧) is the volumetric current density in the cathode catalyst layer. 





eff  𝑗(𝑧)                   1.15 
where 𝑝(𝑧) is the oxygen partial pressure and 𝐷O2eff  is the effective diffusivity 
of gaseous oxygen.  
 For random carbon powder based catalyst layer, the current density 
𝑗F(𝑟)in the water-filled agglomerate model at the agglomerates level is linked 
to the current density 𝑗F(𝑧) in the macrohomogeneous catalyst layer model at 
the catalyst layer level by: 
𝑗F(𝑧) = 3𝑋a ∫ 𝑗F10 (𝑟) 𝑟2𝑑𝑟                  1.16 
where 𝑋𝑎  is the volume fraction of agglomerates. 
 The sets of differential equations for the model of random carbon 
powder based catalyst layer and the model of ordered VACNTs catalyst layer 
were solved using MATLAB software. After solving the equations 
simultaneously and iteratively, the effectiveness factor of Pt utilization is 
obtained  using 
ΓCCL = 𝑗0
2×103[𝑚Pt]𝑗0ref𝑝Lexp�𝛼𝑐𝐹𝑅𝑇 𝜂(𝐿)�                 1.17 
where 𝑗0 = 𝑗(𝑧)|𝑧=0, 𝜂L = 𝜂(z)|z=𝐿, 𝑝L = 𝑝(z)|z=𝐿 is the absolute pressure in 
flow channels, [𝑚Pt] is the Pt loading, 𝑗0ref  is the reference exchange current 
density and 𝛼𝑐 is the transfer coefficient at cathode. 
 




1.3.4 Density functional theory 
1.3.4.1 A very brief description of the theory 
 Density functional theory (DFT) is currently one of the most popular 
and successful quantum mechanical methods for studying material properties 
[29]. DFT started off with a theorem proposed by Hohenberg and Kohn in 
their 1964 paper [30], which relates the charge density of the system with 
ground-state properties. The Hohenberg-Kohn theorem states that all ground-
states observables can be expressed as functionals of the ground-state electron 
density (𝑛0). For instance, the ground-state wave function is a functional of 
the ground-state electron density [31]: 
Ψ0(𝐫1, 𝐫2 … , 𝐫𝑁) = Ψ[𝑛0]                 1.18 
The total energy of the system (the ground-state energy) is consequently given 
by: 
𝐸0 = 𝐸[𝑛0] = 〈Ψ[𝑛0]|𝐻�|Ψ[𝑛0]〉                 1.19 
with the many-electron Hamiltonian 𝐻� = 𝑇� + 𝑈� + 𝑉�𝑒𝑥𝑡  adopting the Born-




𝑖  is the kinetic energy 
operator for electrons, 𝑈� = ∑ 𝑈�r𝑖 − r𝑗�𝑖<𝑗  =  ∑ 𝑒2|r𝑖− 𝒓𝑗|𝑖<𝑗  depicts the 
electron-electron interactions and 𝑉�𝑒𝑥𝑡 is the external potential operator due to 
the lattice potential and any additional  external field applied to the system as a 
whole. 
The total energy expression has a variational property, if a trial electron 
density (𝑛′ ) is used for the calculation of the expectation value of the 
Hamiltonian, the energy obtained is always higher than the ground-state 
energy [32]: 
𝐸[𝑛0] ≤ 𝐸[𝑛′]                   1.20 
It is time consuming for solving the many-electron Hamiltonian due to 
contribution of the interaction terms, hence in 1965, Kohn and Sham proposed 




an approach to replace the picture of interacting electrons in real potential with 
non-interacting, fictitious particles in effective potential [33]. 
From the Hohenberg-Kohn functional: 
𝐸[𝑛] = 𝑇[𝑛] + 𝑈[𝑛] + 𝑉𝑒𝑥𝑡[𝑛] = 𝑇[𝑛] + 𝑈[𝑛] + ∫𝑑𝐫 𝑣𝑒𝑥𝑡(r)𝑛(r)           1.21 
Kohn and Sham rewrite the energy functional as the non-interacting Kohn-
Sham energy: 
𝐸𝑠[𝑛] = 𝑇𝑠[𝑛] + 𝑒22 ∫ 𝑑r𝑑r' 𝑛(r)𝑛(r')|r - r'| + 𝐸𝑥𝑐[𝑛(r)] + ∫𝑑r 𝑣𝑒𝑥𝑡(r)𝑛(r)          1.22 
the first term is the kinetic energy of a non-interacting electron gas of density 
𝑛(r), the second term is the Hartree energy and 𝐸XC[𝑛(r)] is the exchange-
correlation (XC) energy. This expression subsequently lead to the derivation 




∇2 + 𝑣ks𝜎 (r)�𝜓𝑖𝜎(r) = 𝜀𝑖𝜎𝜓𝑖𝜎(r)                1.23 
where 𝜎  is the electron spin, 𝜓𝑖𝜎(r)  is the Kohn-Sham single particle spin 
orbital with the effective Kohn-Sham potential: 
 𝑣ks𝜎 (r) =  𝑒2 ∫𝑑r' 𝑛(r')|r - r'|  + 𝑣xc𝜎 (r) +  𝑣𝑒𝑥𝑡(r)               1.24 
where 𝑣xc𝜎 (r)  is defined as 𝑣xc𝜎 (r) =  𝛿𝐸𝑥𝑐[𝑛(r)]𝛿𝑛(r,𝜎) , and the electron density is 
constructed from Kohn-Sham orbitals: 
𝑛(r,𝜎) = ∑ ∑ |𝜓𝑖𝜎(r)|2𝜎𝑖                   1.25 
The solution of Kohn-Sham equation is done through self-consistent cycle 
where an initial guess of ground-state density 𝑛0(r,𝜎) is used to compute the 
effective potential 𝑣ks𝜎 (r) and solving the Kohn-Sham equation for the Kohn-
Sham orbitals 𝜓𝑖𝜎(r)  and from these one calculates a new density  𝑛(r,𝜎). If 
the new density equals to the old density (that is according to the convergence 
criteria specified), the self-consistent calculation is converged and the 
calculation stops. If not, a new guess for the density is obtained (often through 




a density mixing scheme) for the next iteration and the process is repeated 
until it converges. 
 
1.3.4.2 Exchange-correlation (XC) potential 
 The Kohn-Sham equation is in principle exact, if the exact form of 𝐸XC 
and 𝑣XC are known, exact energy can be calculated [34]. Approximation is 
only included when the unknown functionals are required explicitly for 
practical DFT calculations. A sufficiently simple and accurate XC functionals 
are very important for practical usefulness of DFT calculations. 
One of the earliest approximation to the XC functional is the local density 
approximation (LDA) which was first proposed by Kohn and Sham [33, 
34].The main assumption of LDA is to consider the electron gas of the system 
as locally homogeneous and the XC energy is given by: 
𝐸𝑥𝑐
𝐿𝐷𝐴[𝑛(r)] = ∫𝑑r 𝑛(r)𝜀𝑥𝑐𝐿𝐷𝐴[𝑛(r)]                 1.26 
where 𝜀𝑥𝑐𝐿𝐷𝐴 is the XC energy density. The exchange part is given by [35]: 
𝜀𝑥[𝑛] = −34 �3𝜋�13 𝑛13 = 0.458𝑟𝑠  a.u.                 1.27 
where 𝑟𝑠 = �3/(4𝜋𝑛)�1/3 is a measure of the average interelectronic distance. 
The more complicated correlation part 𝜀𝑐[𝑛]  is usually taken from the 
numerical results from quantum Monte Carlo (MC) calculations for a 
homogeneous electron gas of different densities [36]. 
 LDA works fine with many systems especially for those with uniform 
electron density such as bulk materials. Nevertheless, LDA is not accurate for 
systems with large density variations such as atomic systems and systems with 
weak molecular bonds. LDA also encounter issues with negatively charged 
ions where the LDA fails to cancel the electronic self-interaction. LDA also 
fails to reproduce the properties of metallic surfaces because the XC potential 
decays exponentially instead of following a power law [36]. 




To improve the accuracy of DFT for these systems, the inhomogeneities of the 
density has been introduced to the XC functional by incorporating the gradient 
of the density ∇𝑛(r) in 𝐸𝑥𝑐 . This approach which is known as generalized 
gradient approximation (GGA) is the most popular due to its computational 
efficiency. In general the XC energy of GGA is the derivative expansion of the 
charge density and it is formally re-summed as [34]: 
𝐸𝑥𝑐
𝐺𝐺𝐴[𝑛(r)] = ∫𝑑r 𝑛(r)𝜀𝑥𝑐𝐺𝐺𝐴[𝑛(r),∇𝑛(r)]                1.28 
GGAs are in general much more different from each other than the different 
parametrizations of LDA. Commonly used GGAs in DFT calculations include 
PW91 proposed by Perdew and Wang in 1991 [37], PBE by Perdew, Burke 
and Ernzerhof in 1996 [38] and the Revised PBE (RPBE) by Hammer, Hansen 
and Norskov in 1999 [39]. PW91 was the first GGA that can be reliably used 
for DFT calculation of a wide range of materials. On the basis of PW91, 
Perdew, Burke and Ernzerhof proposed PBE GGA by simplifying some of the 
features of PW91. Similar to PW91, PBE has no fitting parameters and it is 
reasonably accurate for most of the systems hence PBE is a rather popular 
choice for DFT calculations. Hammer et al. proposed RPBE by incorporation 
of semi-empirical changes in PBE to further improve the accuracy of DFT 
calculation of atomisation energies and chemisorption energies of small 
molecules. Due to the fact that PBE and RPBE contain similar description of 
exchange and correlation interactions, RPBE is also a popular XC functional 
for DFT calculations. 
 
1.3.4.3 Plane wave basis set 
In practical DFT calculations the Kohn-Sham orbitals (𝜓𝑖𝜎(r)) are expanded in 
terms of basis functions: 
𝜓𝑖(r) = ∑ 𝑐𝑖𝜇𝜒𝜇𝜇                    1.29 
where 𝑐𝑖𝜇 is the expansion coefficient and the 𝜒𝜇 is the basis function. One of 
the commonly used basis functions is the linear combination of atomic orbitals 
(LCAO) which is basically built from Slater-type orbitals (STO)[40] or 




Gaussian-type orbitals (GTO) [41]. Other types of basis sets include real space 
grid [42], wavelets [43] and plane waves [44]. Plane wave basis set is one of 
the most popular basis sets used in DFT calculation. It is orthogonal and 
mathematically simple and only depends on one convergence criteria, that is 
the plane wave cut-off energy (𝐸𝑐𝑢𝑡). Furthermore, using plane wave basis set 
which is non-local in nature, basis set superposition error that occurs in the 
LCAO method is avoided. The plane wave expansion of the Kohn-Sham 
orbitals for a periodic system can be written as follows: 
𝜓k(r) = ∑ 𝑐𝐤,𝐆𝑒𝑖(𝐤+𝐆).rG                   1.30 
where G is the reciprocal lattice vector and 𝐤 is the wave vector in the first 
Brillouin zone. It is necessary to define a cut-off energy in a DFT calculation 
since it is not possible to have a complete expansion of infinite number of 
plane waves. The kinetic energy of the plane waves included in a DFT 
calculation satisfy the relationship: 
 (𝐤+𝐆)2
2
<  𝐸𝑐𝑢𝑡                   1.31 
This truncation of the plane wave basis set at a finite cut-off energy will lead 
to an error in the total energy computed which can be reduced by increasing 
the cut-off energy. In other words, higher cut-off energy will increase the 
accuracy of the calculations. Nevertheless, higher cut-off energy will include 
more plane waves in the calculation and lead to the increase in the 
computation time. Hence, choosing an appropriate  𝐸𝑐𝑢𝑡  is important for 
obtaining results efficiently with acceptable accuracy. 
 
1.3.4.4 Pseudopotential 
 The plane wave basis set is complete and unbiased and it does not 
depend on the atomic positions since it is non-local in nature, thus it is suitable 
for many systems. But the number for plane waves needed is often quite large 
for a well converged calculation. One way to overcome this is to use the 
pseudopotential method to replace the actual potential of the core states in the 
atoms with a fixed effective potential [45]. Pseudopotential approximation 




works because the core electrons do not participate in chemical bonding. The 
core states in the atomic environment are basically similar to the core states in 
any other system, hence it is acceptable to replace it with a pseudopotential.  
 In general, pseudopotentials is generated through mimicking the 
effects of the all electron wave functions. Firstly, the exact all electron wave 
functions for a reference atom is calculated, then it is replaced by a nodeless 
pseudo-wave function and finally obtain the pseudopotential by inverting the 
Schrödinger equation. The nodeless pseudo-wave function has to be the same 
as the all electron wave function outside the cut-off radius ( 𝑟𝑐) after replacing 
the wiggly core states. The generated pseudopotentials must also conserve the 
scattering properties of the original atom. A good pseudopotential is usually 
both "soft" and "transferable". A pseudopotential is called soft when the plane 
waves needed for the calculation is few and if it is transferable, it means that it 
can be used in any systems (molecule, cluster, surface, semiconductor, metal, 
insulator and etc.). One of the more popular pseudopotentials used in most of 
the DFT codes is the ultrasoft pseudopotentials (USP) put forward by 
Vanderbilt [46]. The ultrasoft pseudopotential consists of two parts, the local 
potential which is a radial function 𝑉𝑙𝑜𝑐(𝑟) and a non-local potential which is 
given by: 
𝑉𝑁𝐿 = ∑ 𝐷𝑛𝑚0𝑛𝑚,𝐼 | 𝛽𝑛𝐼 〉〈𝛽𝑚𝐼  |                  1.32 
where the index 𝐼 refers to the ionic cores and the 𝛽-projector functions are 
dependent on the ionic positions: 
 𝛽𝑛𝐼 = 𝛽𝑛(r − R𝐼)                  1.33 
Through relaxation of the norm-conserving condition, Vanderbilt is able to 
generate much softer potentials. This means that the plane wave cut-off energy 
can be dramatically reduced in DFT calculations and helps to greatly reduce 
computation time.  
 




1.3.4.4 Cambridge Serial Total Energy Package code 
 Cambridge Serial Total Energy Package (CASTEP) [47, 48] is a first 
principles quantum mechanical code that utilized the density functional 
formalism with a plane wave basis set for performing electronic structure 
calculations. The first version was written by Mike Payne in 1986 using 
FORTRAN 77 [48]. Subsequently a large number of collaborators and 
researchers had joined the project and added a lot of new technologies to the 
code. The current code was redesigned and written using FORTRAN 90 in 
2005 [47]. CASTEP is now a full feature first principle code that is widely 
used to simulate a wide range of materials including crystalline solids, 
amorphous materials, liquids, molecules and surfaces. 
 Physical properties of materials that can be computed using CASTEP 
code include the total energy, elastic constants, electronic charge densities, 
orbitals, electrostatic potentials, band structure, total and partial electronic 
density of states, Mulliken population analysis, and optical properties such as 
reflectivity, refractive index and dielectric function. CASTEP is also capable 
of optimising the atomic position and unit cell parameters using the Broyden–
Fletcher–Goldfarb–Shanno (BFGS) algorithm [49] or damped molecular 
dynamics [50] either constrained or unconstrained and under external pressure 
and stresses. CASTEP also capable of locating transition states by utilizes the 
linear synchronous transit and quadratic synchronous transit (LST/QST) 
method [51] for searching of transition states for various reactions. 
 In this thesis, the first principle investigation of O2 dissociation on 
Pt/WxC(100) surfaces was done using CASTEP codes . The discussion on this 
study is presented in the following chapter. 
 
1.4 Outline of the thesis 
 Chapter 1 is the introduction of the thesis, which presents the 
motivation, objectives and the methodologies used in the thesis. The literature 
background in Chapter 2 presents the fundamentals of fuel cells, the historical 
backgrounds and recent research and development in the field. Chapters 3 to 7 




are experimental and theoretical investigation on the catalysts designed to 
address the four issues in PEMFCs. In Chapter 3 studies the effect of 
VACNTs as Pt catalyst support is studied for H2/O2 PEMFCs. Chapter 4 
investigates the impact of surface functionalized carbon support on the water 
management property of air-breathing PEMFCs. Chapter 5 discusses on the 
fabrication of transition metal doped ordered mesoporous carbon as Pt catalyst 
support for MOR. The focus of Chapter 6 is on the application of Pt-WxC 
nanocomposite for ORR, while Chapter 7 presents the first principle 
investigation of the metal-support interactions and O2 dissociation on single-
atom Pt/WxC(100). The conclusions and discussion on future works are given 
in Chapter 8. 
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Chapter 2. Literature Background 
2.1 Fuel Cells 
2.1.1 A very brief history  
 Although some believe that German-Swiss chemist Christian Friedrich 
Schönbein was the first who discovered the fuel cell process [1], majority of 
the scientific community agrees that Sir William Robert Grove, a Welch 
scientist was the inventor of the fuel cell [2-4]. Grove demonstrated that 
current could be generated between two platinum electrodes if the two 
electrodes are immersed in a container of sulfuric acid with one end and the 
other ends separately sealed in containers of oxygen and hydrogen [5, 6]. He 
called this first crude fuel cell a " Gaseous Voltaic Battery". The early efforts 
are merely scientific investigation. Nearly a century later, an English engineer 
started working on the design of alkaline fuel cells and succeeded in building a 
5 kW fuel cell of 40 cells in 1959 [3]. Bacon's fuel cell attracted the attention 
of Pratt & Whitney and the company later acquired the patent of his work for 
the Apollo spacecraft fuel cells [4]. The first polymer membrane fuel cells 
were developed by Grubb and Niedrach from General electric and were used 
in the early 60s for the Gemini space program [7]. In the late 60s, the polymer 
membrane was improved by Walther Grot of DuPont by using a sulfonated 
tetrafluoroethylene based fluoropolymer-copolymer, which is later known as 
Nafion© [8]. 
 General Motors experimented a fuel cell-powered van in the mid 60s 
using fuel cells developed by Union Carbide, but it was not until 1993 that a 
prototype of fuel cell-powered passenger car running on PEM (proton 
exchange membrane) fuel cells was demonstrated by Ballard Power Systems 
[7]. Since then, almost every car manufacturer had built and experimented 
with fuel cell-powered vehicles. Despite of the enthusiasm of the automotive 
companies, the application of PEM fuel cells in lightweight vehicle was less 
than 1% of the total production in 2008. However, about half of the PEM fuel 
cells produced in 2008 were used in portable devices, due to the higher cost 
tolerance for fuel cells in portable electronics [9], and there is also a growing 




market for fuel cells in niche transportation such as forklifts, unmanned aerial 
vehicles, trains, e-bikes, aircraft, and auxiliary power units (APUs) for 
recreational vehicles and ships in recent years [10]. These exploration of niche 
markets continues to drive the interest and the involvement of the scientific 
and engineering community in the research and development of fuel cells 
systems.  
 
2.1.2 Brief description of fuel cells 
 Fuel cell is an electrochemical device that converts chemical energy 
stored in a fuel into electricity through reaction with an oxidant [7]. The 
reactions in the fuel cells depends on the type of fuels and oxidants used in the 
fuel cell systems. For instance, when H2 is used as the fuel and O2 is used as 
the oxidant in a PEM fuel cell, the anode, cathode and the overall  reactions 
are given by: 





+  2H+ + 2𝑒− → H2O      2.2 
overall: H2 + 12O2 → H2O       2.3 
When methanol is used as fuel and O2 as oxidant, the reactions are: 





+  6H+ + 6𝑒− → 3H2O      2.5 
overall: CH3OH + 32O2 → 2H2O + CO2     2.6 
 
 Fuel cells can be categorized by the type of electrolyte used or 
sometimes the type of fuel utilized by the fuel cell. The main categories in the 
types of fuel cells by electrolyte are alkaline fuel cells, molten carbonate fuel 
cells, phosphoric acid fuel cells, PEMFCs and SOFCs. The types of fuel cells 




by fuel are hydrogen/oxygen fuel cells, direct-ethanol fuel cells, DMFCs, 
direct borohydride fuel cells, formic acid fuel cells, reformed methanol fuel 
cells and zinc-air batteries.  
 The two lists are not mutually exclusive, for example DMFCs are also 
polymer electrolyte membrane fuel cells in which hydrogen is replaced by 
methanol as fuel. Recent development in the anion exchange membranes has 
led to the emergence of a new type of alkaline fuel cell known as alkaline 
anion exchange membrane fuel cells (AAEMFC) or hydroxide ion exchange 
fuel cells [11-16]. The reactions occur in the fuel cells are: 





+  H2O + 2𝑒− → 2OH−      2.8 
overall: H2 + 12O2 → H2O       2.9 
which give the same overall reaction as the H2/O2 PEM fuel cells if H2/O2 are 
used for AAEMFC. The main difference between PEM fuel cells and AAEM 
fuel cells is in the membrane that conducts anions (OH−) instead of protons, 
hence it can also be considered as a subcategory of polymer electrolyte fuel 
cells. 
 
2.1.3 Mechanisms of fuel cell reactions 
2.1.3.1 Hydrogen oxidation reaction 
 Reactions 2.1 to 2.9 are not elementary reactions, in fact they are 
overall reactions occurring at anode or cathode. For instance, the hydrogen 
oxidation (reactions 2.1 or 2.7) may proceed through the sequence of 
adsorption, hydration/ionisation and desorption [17].  In the adsorption step, 
the hydrogen molecule diffuses through the electrolyte and adsorbs on the 
active site: 
H2 → H2 ∗           2.8 
where * denotes an active site on the catalyst surface. The adsorbed hydrogen 




molecule forms adsorbed hydrogen atoms and ionized in the 
hydration/ionisation step through Tafel-Volmer mechanism or Heyrovsky-
Volmer mechanism depending on the reaction sites [18]. In the Tafel-Volmer 
mechanism, the adsorbed hydrogen formed adsorbed atoms via Tafel reaction: 
H2 ∗→ 2H ∗         2.9 
and then followed by the Volmer reaction in acidic medium H ∗→ H+ + 𝑒−                   2.10 
or in alkaline medium H ∗ + OH− →  H2O + 𝑒−                  2.11 
For Heyrovsky-Volmer mechanism, the hydrogen molecule further reacts 
through dissociation and simultaneous electron transfer: 
H2 ∗→ H ∗  + H+ + 𝑒−   (acidic medium)            2.12 
or 
H2 ∗ + OH− →  H ∗  + H2O + 𝑒−  (alkaline medium)            2.13 
and the remaining adsorbed hydrogen atom discharges according to the 
Volmer reactions in acidic (step 2.10) or alkaline medium (step 2.11). 
 In the desorption step, which is the final stage of HOR, the products 
(H+ and  H2O) are desorbed and transported to cathode through the electrolyte. 
 
2.1.3.2 Oxygen reduction reaction 
 Oxygen reduction reaction on Pt surface is a multi-electron process 
that involves different reaction intermediates and different pathways. O2 can 
be reduced either directly to water via a direct 4-electron reduction pathway 
(reaction 2.2), or formed adsorbed hydrogen peroxide through a 2-electron 
reduction [19]: 
O2 +  2H+ + 2𝑒− →  H2O2                  2.14 




The adsorbed hydrogen peroxide can be further reduced to water,  
H2O2 +  2H+ + 2𝑒− →  2H2O                 2.15 
or desorbed into the electrolyte solution or dissociates into water and oxygen 
in a non-electrochemical bimolecular reaction [20]: 2H2O2 →  2H2O +  O2                  2.16 
 Nørskov et al. proposed the dissociative mechanism and the associative 
mechanism for ORR occurring in low current density region and high current 
density region, which does not involve the formation of H2O2 [21]. The 
dissociative mechanism is stated as follow: 
1
2
O2 ∗→ O ∗                    2.17 
O ∗ + H+ + 𝑒− →  OH ∗                  2.18 
OH ∗ + H+ + 𝑒− →  H2O + ∗                 2.19 
This mechanism is in fact the detailed form of the direct 4-electron pathway, 
broken down to the elementary steps. On the other hand, the associative 
mechanism does not involve dissociative adsorption of oxygen in the 
beginning: 
O2 + ∗ → O2 ∗                   2.20 
O2 ∗ + H+ + 𝑒− →  HO2 ∗                  2.21 HO2 ∗ + H+ + 𝑒− →  H2O + O ∗                 2.22 
O ∗ + H+ + 𝑒− →  OH ∗                  2.23 
OH ∗ + H+ + 𝑒− →  H2O + ∗                 2.24 
Steps 2.23 and 2.24 are the same as steps 2.18 and 2.19 for the dissociation 
mechanism. The association mechanism involves the adsorption of molecular 
O2 and direct proton/electron transfer forming OOH. Even though the 
association mechanism does not involve H2O2, but the adsorbed O2 might be 




reduced via the 2-electron reduction pathway (reaction 2.14), leading to the 
formation of H2O2. 
 The reactivity of the catalysts toward HOR or ORR is determined by 
many factors. The catalytic process involves adsorption of reactant molecules, 
breaking of some reactant bonds, and the creation of new ones to form the 
product molecules and finally, the desorption of product molecules. All these 
steps are influenced by the electronic structure and geometrical factors (atomic 
spacing, surface facets, strain and coordination numbers) of the catalysts, as 
well as product or reactant coverages and the competitive adsorption of 
molecules from the reaction environment. The intrinsic activity of a catalyst is 
determined by its electronic properties. Hammer et al. suggested that the 
position of the molecular bonding and anti-bonding state relative to the d-band 
of metal catalysts, the coupling matrix element between the molecular orbitals 
and the metal d-states and the filling of the molecule-surface antibonding 
states given by the position of the Fermi level are the main factors that 
determined the intrinsic activity of metal catalysts [22]. 
 For instance, in the adsorption of H2 on Au which has a low d-band 
centre, the distance between the metal d-band and H2 antibonding molecular 
orbital 𝜎𝑢∗  is larger than other metal surfaces, and hence led to a smaller 
attractive force. Furthermore, the molecule-surface antibonding states of the 
adsorbate is totally filled, causing the total attractive force smaller than the 
repulsive force this give rise to the instability of H2 binding to Au surface and 
hence Au do not catalyze HOR. On the other hand, Pt has a slightly smaller 
distance, and partially filled antibonding states, these are favourable for the 
dissociative adsorption of H2 which is why Pt is known as a good catalyst for 
HOR [22]. 
 Similarly for ORR, metals that have either stronger or weaker bonding 
of oxygen than Pt are poorer oxygen-reduction catalysts. Nørskov et al. 
compared the adsorption of oxygenated species on different metals [21]. The 
binding strength of O and OH on Ni is so strong that raised the activation 
barrier of the proton-transfer steps, and thus very slow. However, the proton 
transfer for Au is exothermic and should be a fast process, but due to the 




unstable bonding of atomic oxygen to the surface; therefore, the proton-
transfer step cannot occur. The adsorption strength of oxygenated species Pt is 
in between Ni and Au, hence ORR can be catalyzed by Pt. But why is there a 
large overpotential for ORR? When Pt surface is at high potential (i.e. at 1.23 
V), the adsorbed oxygen are extremely stable which hinder the proton and 
electron transfer. When the potential is lowered, the stability of oxygen 
decreases and the ORR begins. This is demonstrated by Nørskov et al. and 
suggested to be the origin of the overpotential in ORR catalyzed by Pt [21]. 
 
2.1.4 The structure of a PEM fuel cell 
 The construction of polymer electrolyte membrane is shown in Figure 
2.1. The anode and cathode are separated by a polymer electrolyte membrane 
that is electrically insulating but allows ions such as protons (for PEM) or 
hydroxides (for AAEM) to diffuse across the membrane. Next to the 
membrane are the catalyst layers that sandwiched the membrane. The catalyst 
layers can be coated directly on the membrane or on the gas diffusion layers 
and subsequently hot-pressed onto the membrane. The gas diffusion layers are 
porous electrode that are not catalyzed and usually consist of carbon structures 
and hydrophobic agents to provide the diffusion pathways for the reactants. 
This membrane electrode assembly (MEA) is sandwiched between two edge-
sealing gaskets to prevent the gases leaking out through the edges of the 
porous electrodes. The endplates shown in the figure are conducting plates that 
collect currents and also serve to supply reactant gases to the porous gas 
diffusion layers. 





2.2 Design and synthesis of fuel cell catalysts 
 Optimization of the performance of fuel cells depends greatly on the 
catalyst design since the properties of the catalyst and the catalyst layer are the 
major factors that directly affect the electrochemical reactions occurring in a 
fuel cell. The design of catalyst involves many factors from the intrinsic 
activity of the catalyst to the mass transport of reactants and products in the 
catalyst layer. These different aspects of the catalyst design can be divided 
into multi-dimensional levels of control according to length scale. From larger 
to smaller scales, the levels of control are microscale, nanoscale and molecular 
scale levels. Developments in the research of fuel cell catalysts are reviewed 
in the subsequent sections summarized according to the three levels of control.  
 
2.2.1 Design of fuel cell catalyst at microscale level 
 The design of fuel cell catalysts at this level involves controlling the 
material composition, the pore and layer structures of catalyst layer as well as 
the nano- and meso-structure of the catalysts or catalyst supports. The changes 
in the composition and structures greatly impact on the diffusion of reactants, 
ionic and electronic transports properties of the catalyst layer. The overall 
current collectors with flow channels 
polymer electrolyte membrane 
catalyst layers 
gas diffusion layers 
edge-sealing gaskets 
Figure 2.1 Construction of a single cell for PEM fuel cell 




effects of these parameters will determine the catalyst effectiveness in a fuel 
cell system. 
 Early design of polymer electrolyte fuel cell catalyst is the 
polytetrafluoroethylene (PTFE)-bonded catalyst layer [23]. The intention of 
mixing Teflon with the catalyst is to provide hydrophobic pores for the 
prevention of flooding especially at the cathode. It was later discovered by 
Raistrick that by incorporation of a proton conductor Nafion© ionomer into 
the PTFE-bonded electrode, the same level of performance can be achieved 
with only one tenth of the noble metal loading (i.e. 0.35 mg.cm-2 versus 4.0 
mg.cm-2) [24, 25]. The catalyst layer is further improved by separating the fuel 
cell electrode into PTFE-bonded gas diffusion layer and Nafion© bonded 
catalyst layer [26-28]. From these early developments, it is clear that by 
adjusting the materials composition and structures of the fuel cell electrode, 
improvement in the fuel cell performance can be achieved. 
 Research on catalyst layer continues at microscale level in recent years 
to improve fuel cell performance. Many focus on the enhancement of ionic 
transport through adjusting the composition of ionic conductor. Li and Pickup 
investigated the effect of Nafion© loading in the cathode catalyst layer of 
proton exchange membrane fuel cell (PEMFC) electrodes using impedance 
spectroscopy, cyclic voltammetry, and polarization experiments and they 
concluded that the catalyst utilization is found to peak at 76% for a Nafion© 
loading of about 30 wt% [29]. They also concluded from the impedance 
spectroscopy that the ionic conductivity of the cathode increased greatly with 
increasing Nafion© content but at Nafion© loadings higher than 30 wt%, the 
increasing oxygen transport resistance lower the fuel cell performance. 
Nafion© also played a significant role as a binder because at low Nafion© 
loadings the highest electronic resistances were observed since the catalyst 
particles bind loosely, while at higher Nafion© loadings, the electronic 
resistance reduces and remains constant. Kim et al. further showed that for the 
optimization of electrochemical active area (EAA), ionic conductivity, and 
mass transfer characteristics, an MEA with 30 wt% ionomer content at the 
cathode and 25 wt% at the anode was found to yield the best performance [30]. 




Schrauth and Chun proposed a design for the anode of DMFC which has 
ionically conductive channels embossed through the thickness of the electrode. 
The electrodes are fabricated with 75 μm diameter posts which are fabricated 
from Nafion© ionomer. Characterization with impedance spectroscopy shows 
that a 46% reduction in ionic resistance, 6% increase in catalyst area and 4% 
increase in the cell power is achieved with the post geometry [31]. This shows 
that by changing the microscale structure of the electrodes, enhancement of 
the cell performance is possible. 
 Apart from changing the amount and the distribution of Nafion© 
ionomer in the fuel cell electrode, other strategies such as modifying the 
electrode with different types of conducting polymers are being used. 
Structural assembly effects of polyaniline (PANI) nanocomposites with 
platinum (Pt) nanoparticle-decorated multi-walled carbon nanotubes 
(MWCNTs) as anodic catalysts were studied by Hoa et al. and they found that 
PANI/Pt/MWCNTs multilayer nanocomposites showed enhanced 
electrocatalytic activities in the hydrogen oxidation reaction and in fuel cell 
power density due to higher electronic and ionic conductivities of the thin 
protonated PANI nanofiber layers that are in contact with Pt active sites. 
Enhancement in ionic conductivity is primarily due to the -NH- groups in the 
PANI backbone that act as proton acceptors [32]. Tominaka et al. proposed a 
modification to improve the ionic conductivity of the catalyst layers of DMFC 
by in situ electropolymerization of μ-aminobenzenesulfonic acid. The plain 
carbon surface has very high ionic resistance (>40 kΩ cm) since the primary 
pores smaller than <10 nm on the carbon surface lack for polymer electrolyte. 
This modification is found to add polymer electrolyte into these pores and the 
additional electrolyte successfully decreases the ionic resistance by 10-15%. 
This modification resulted in the increase in the cell voltage of DMFC test by 
20 mV [33]. The ionic conductivity of fuel cell electrode is clearly affected by 
the addition of conducting polymers that modifies the structure of the 
electrode as demonstrated by these researchers.  
 Conventional fuel cell catalysts are Pt nanoparticles supported on 
carbon blacks. Due to poor graphitic nature of carbon blacks, the electron 




transport in the catalyst layers is usually poor and there is a room to enhance 
the catalyst performance by improving the graphitic structure of carbon black. 
Khosravi et al. developed a flame synthesis method for direct growing of 
carbon nanofibers (CNFs) on Ni-decorated carbon paper (CP) as the support 
for Pt nanoparticles. The CNFs were found to be graphitic in nature and the 
direct growth of CNFs on CP reduces the contact resistance. Hence the 
electrochemical behaviour of the Pt/CNF/CPs were found to be improved due 
to the high electronic conductivity [34]. Other method such as growing curled 
carbon nanotubes (CNTs) onto carbon black, forming a hybrid carbon 
structure as Pt nanocatalyst support was also reported [35]. High conductivity 
of the hybrid support and highly distributed Pt nanoparticles on the support are 
found to be the main reasons for the improvement in the fuel cell performance 
of DMFC. Hollow graphitic carbon spheres (HGCSs) prepared by the 
carbonization of hollow polymer spheres which is obtained by the 
polymerization of pyrrole micelles also exhibits improved electronic 
conductivity compared to that of Vulcan XC-72 [36]. This enhanced electronic 
conductivity of the support has been found to improve the electrocatalytic 
activity when it is used as fuel cell catalyst after Pt decoration.  
 A more popular support material, the multiwalled carbon nanotube 
(MWCNT) has been investigated extensively in literature as a support material 
in fuel cell catalysis due to its excellent electronic conductivity. Many have 
reported enhanced catalytic activity in fuel cell using CNTs as the support of 
Pt catalysts because of the improved electronic conductivity of MWCNT 
supports [37-42]. The unique 1-D structure of carbon nanotubes was found to 
help in the mass transport of the reactants to the fuel cell electrodes [43-49]. 
MWCNT can also enhance the durability of the fuel cell electrode due to their 
corrosion resistant and excellent mechanical properties [50-55]. Other 
materials that have good electronic conductivity as well as high corrosion 
resistance such as titanium nitride (TiN) [56] and titanium carbide (TiC) [57] 
are also utilized as fuel cell catalyst support. It has been demonstrated that 
these supports are promising for fuel cell electrodes but not yet better than the 
conventional fuel cell electrodes. 




  Mass transport of reactants is an important parameter that greatly affect 
the fuel cell performance. Similar to ionic and electronic conductivities, mass 
transport can be tuned by altering the structure of the fuel cell electrodes. 
Utilizing carbon nanotubes as the catalyst support is one of the effective ways 
for improving mass transport of reactant in fuel cell electrodes. Whether the 
carbon nanotubes form 3-D random structures [44-48, 50, 51] or they are 
aligned in the direction of the electric field [43, 49, 58], the carbon nanotubes 
electrodes exhibit enhanced reactant diffusion due to the porous structure 
formed by the carbon nanotubes. Other than carbon nanotubes, porous carbon 
supports such as carbon aerogels or xerogels are also employed for 
improvement in mass transport of reactants in fuel cell electrodes. Carbon 
aerogels or xerogels are possible supports that can improve mass transport in 
fuel cell electrodes. The pore texture void fraction of such materials can be 
tailored via the gel composition and drying procedure, this is advantageous for 
the application with different reactants which may have different mass 
transport properties [59]. Bruno et al. found that PtRu nanoparticles supported 
on a mesoporous carbon as anode catalyst showed a power density 15-30% 
higher than the Vulcan supported PtRu catalyst. Electrochemical impedance 
spectroscopy (EIS) measurements revealed a more facile diffusion of 
methanol in mesoporous carbon that improved the mass transport in the fuel 
cell electrode [60]. Sacrificial templating method was utilized by Moore et al. 
to prepare mesoporous carbon as Pt catalyst support for DMFC. The 
mesoporous carbon supported catalyst demonstrated a peak power density 28% 
better than the commercial standard, Vulcan XC-72. The improvement is 
attributed to the large pores of the mesoporous carbon that facilitate oxygen 
transport, and the low porosity of the carbon support which enhances protonic 
and electronic conductivity of the catalyst layer [61]. In a recent review 
mesoporous carbon is considered as an ideal catalyst support for high 
performance fuel cells. The unique combination of electrochemical and mass 
transport characteristics in the nanoarchitectures of mesoporous carbon can 
provide accessible nanoscale reaction zones with efficient in-and-out 
molecular transport. These are of utmost important for an efficient reaction [62] 




and hence the research on mesoporous carbon supports is still an area that 
attracts much attention.  
 Graphene is a new promising fuel cell catalyst or catalyst support for 
PEMFC due to its unique electronic properties, excellent thermal conductivity 
and high specific surface area. Nevertheless, utilizing graphene supports in the 
catalyst layer will cause strong mass transport limitations for fuels and 
products since the graphene sheets are prone to stack upon each other, forming 
dense and well orientated roof tile structures. This can be overcome by 
incorporation of different contents of carbon black that function as spacer 
between the two-dimensional graphene sheets in the catalyst layer. The results 
obtained by Park et al. indicated that carbon black effectively modified the 
array of graphene supports, improved the accessibility of Pt nanoparticles for 
electrochemical reaction and better mass transport in the catalyst layer [63]. 
Marinkas et al. investigated the amount and the morphology of the carbon 
additives added as spacer for Pt/graphene in catalyst layer. The addition of 
carbon blacks and MWCNTs not only forms a porous layer which is very 
efficient for the mass transport, but these carbon additives also form a huge 
electronic contact network between the graphene sheets that enhanced the 
electronic transport in the electrodes. After optimization of the amount and 
morphology of the carbon additives, the authors are able to reduce the amount 
of platinum by 37% compared to a commercial standard system [64]. 
 
2.2.2 Design of fuel cell catalyst at nanoscale level 
 The performance of fuel cell is influenced by the spatial distribution of 
the active sites as well as the environment around the active sites which 
determines the number of available active sites during electrochemical 
reactions. The distribution of the active sites is determined by the morphology 
and size of the catalyst particle while the tuning of the environment to either 
hydrophilic or hydrophobic has great impact on the triple phase boundary 
where the electrolyte, reactant gas and electrically connected catalyst regions 
contact. The concept of nanoscale level design is to optimize the number of 




active sites as well as the nano-environment that dictates the effectiveness of 
the active sites in the electrochemical reactions. 
 ORR on supported Pt particles in acid electrolytes is a structure-
sensitive reaction. Hence the number and types of active sites on Pt 
nanoparticles are related to the activity of the catalyst in ORR. Pt 
nanoparticles are assumed to have cubo-octahedral structures which consist of 
eight octahedral (111) surfaces and six cubic (100) surfaces bounded by edge 
and corner atoms. The fraction of surface atoms on the (100) and (111) crystal 
faces, which is dependent on the particle size (diameter), is found to be 
correlated to the mass activity (A/g Pt) and surface specific activity (μA/cm2 
Pt) of Pt nanocatalysts [65]. The maximum in the mass activity is observed at 
the particle size around 3.5 nm while the specific activity increases with an 
increase in particle size for ORR. Hydrogen oxidation is also structure-
dependent, i.e. adsorption of hydrogen is dependent on the number of active 
sites on the surface of Pt nanoparticles that varies with particle sizes. From the 
potentiodynamic current profiles for hydrogen deposition and oxidation, 
Kinoshita et al. observed an anodic peak which is associated with the 
adsorption of hydrogen on edge atoms of Pt particles. The anodic peak was 
found to be structure-sensitive and the peak became less pronounced as the 
particle size decreased. This is because the ratio of edge atoms to the surface 
atoms decreases as the particle size increases [66, 67]. 
 More recent researches unveil the influence of the change in 
nanoparticles shape on the distribution of active sites. Wang et al. 
demonstrated an approach for the synthesis of monodisperse Pt nanoparticles 
with controlled sizes and shapes by the reaction of platinum acetylacetonate 
with oleic acid and oleylamine. From their RDE investigation, 7 nm Pt 
nanocubes were the most active catalysts for ORR in H2SO4 medium [68]. 
This is primarily due to the structure of the nanocubes  that is dominantly (100) 
facets which is more active than (111) in ORR. Hence by controlling the 
amount and type of active sites, the performance of the catalysts for a desired 
reaction can be improved. 




 The environmental structure around the active sites is another 
important factor to be considered during catalyst design. The wettability of the 
fuel cell electrodes has important effects on the electrochemical reactions. 
Hydrophilic environment around the active sites will be in favour of keeping 
the electrolyte phase hydrate and ensure the ionic conductivity in the electrode 
while hydrophobic environment will guaranty the diffusion of gas phase 
reactant since the diffusion of gaseous reactant is not favourable in water-
filled pores. Both phenomena are competing factors in the improvement of 
fuel cell performance, hence the hydrophilic and hydrophobic properties of the 
fuel cell electrodes have to be optimized for different cell operating conditions 
and different fuels or reactants.  
 Hydrogen fuel cells often require humidification for the fuel and 
oxidant to maintain the ionic conductivity in the fuel cell electrode, hence 
modifying the catalyst layer to increase water retention is a possible way to 
reduce the humidification temperature of the reactants or even eliminate the 
need for external humidification. Fuel cell electrodes are commonly modified 
by hygroscopic materials such as SiO2 to increase the wettability of the 
catalyst layers [69, 70]. From the investigation of the effects of SiO2 additions 
to catalyst layers at different loadings, Jung et al. concluded that with 40 wt% 
addition of SiO2 to the anode catalyst layer, the current density at 0.6 V and 0% 
relative humidity of the anode is 93% of that at 100% relative humidity and a 
MEA with SiO2 addition in the anode gives a higher performance at 60% 
relative humidity of the cathode than one with an undoped MEA. This is due 
to the increase in wettability of the anode catalyst layer caused by SiO2 
addition that helps to absorb water from back diffusion [69]. Miao et al. 
modified SiO2 by 1,3 propane sultone to form sulfonated SiO2 that improves 
the conductivity of the cathode catalyst layer [70]. The addition of SiO2 to 
cathode usually leads to flooding of the electrode which degrades the fuel cell 
performance. Nevertheless, since sulfonated SiO2 contains sulfonic groups that 
improve the proton conductivity, the detrimental effect from the flooding of 
cathode is overcome by the enhancement in the ionic conductivity and the 
overall fuel cell performance improves.  




  Functionalization of the catalyst support is also an effective method for 
the improvement in the wettability of catalyst layer. Kim et al. synthesized 
sulfonated polystyrene Ketjen Black as functionalized carbon support for 
DMFC. In their investigation Katjen Black functionalized with sulfonated 
polymer played dual roles of a mass transport and being a catalyst support. 
The MEA with Pt catalyst on functionalized support showed a higher DMFC 
performance compared to the MEA with Pt catalyst on pristine support with 
Nafion© ionomer. This is due to the used of hydrophilic sulfonated katjen 
Black as support that replace the role of Nafion© ionomer as proton conductor, 
hence eliminating the mixing of large clusters of Nafion© ionomer into the 
catalyst layer that impedes that gas diffusion [71]. 
 Hydrophilic supports have also been utilized to disperse and stabilize 
Pt catalyst. The improvement in Pt particle dispersion can have the same effect 
as increasing and maintaining the number of active sites since the mass 
average distribution of active sites are size dependent [65]. Wu et al. have 
shown that perfluorosulfonic ionomer that often serves as an ionic conducting 
agent and binder in the catalyst layer can stabilize dispersed Pt particles via 
grafting. The authors employed silane coupling agent (3-aminopropyl)-
trimethoxysilane (APTMS) to graft perfluorosulfonic ionomer on Pt surface. 
Due to the strong steric repulsion, the Pt particles are stabilized to prevent 
agglomeration. The swelling of perfluorosulfonic ionomer after full hydration 
also increase the pore size for better mass transport, expose more active 
surface, and increase ionic conductivity for DMFC [72]. 
 CNTs with highly graphitic structure are hydrophobic in nature. This 
renders the difficulty in deposition of Pt nanocatalyst on CNT supports. Hence 
it is usually treated with acid or oxidation to functionalize the CNTs by wet 
chemistry methods prior to Pt deposition. Nevertheless these oxidative acid 
treatments often introduce defects on the surface of CNTs and reduce the 
electronic conductivity of the nanotubes. Oh et al. proposed a polypyrrole 
(PPy) coating method that functionalized the surface of a CNT, making it 
hydrophilic without creating defects on the surface of the CNT. Without 
defects on the surface of  PPy-coated CNTs, the resistance to electrochemical 




carbon corrosion of CNTs is preserved and the PPy coating also prevents Pt 
nanoparticles from agglomerating on the CNT surface, hence the durability of 
the catalyst is improved. Due to improved distribution of Pt on the hydrophilic 
support, the fuel cell performance was significantly enhanced [73]. 
 When external humidification is required for fuel cell operation, 
hydrophobicity of the electrode is an important factor in the fuel cell 
performance [74]. At high relative humidity, the water that is required for 
maintaining the ionic conductivity of the perfluorosulfonic polymer might 
condenses in the catalyst layer, causing the flooding of the electrodes and 
blocking the diffusion paths of the reactants. This can be overcome by 
incorporation of hydrophobic agents that creates a hydrophobic environment 
for the diffusion of reactants to the active sites. Conventionally PTFE is used 
as the hydrophobic agent, but other hydrophobic polymers are also being 
considered as hydrophobic agents. Xu et al. proposed a method to 
functionalize Pt/Vulcan XC-72 with 2,3,4,5,6-pentafluorophenyl, a 
hydrophobic moieties using 2,3,4,5,6-pentafluoroaniline [75]. The 
characterization of the MEA prepared using this hydrophobic catalyst with 
reactants at 100% relative humidity shows a higher performance compared to 
unfunctionalized counterpart in proton-exchange membrane fuel cells. The 
enhancement in the performance is primarily due to the prevention of local 
flooding by the hydrophobic catalyst. Improved mass transport behaviour was 
also reported by Oh et al. where they found that by incorporating 
poly(vinylidene fluoride-co-hexafluoropropylene) to the perfluorosulfonic 
polymer made the cathode catalyst layer more hydrophobic. The addition of 
this copolymer improves the oxygen mass transport by suppressing water 
flooding in the cathode catalyst layer [76]. 
 Since highly graphitic CNTs are hydrophobic, the support itself can be 
a modifier to the nano-environment. If this hydrophobic property of CNTs can 
be utilized to prevent flooding in the electrode, the incorporation of PTFE 
which is electrically insulating can be avoided. There will be difficulty in the 
deposition of Pt using wet chemistry methods but this can be overcome by 
using other methods such as physical vapour deposition or chemical reduction 




in organic medium. Du et al. demonstrated the preparation of a low loading 
MEA (0.05 mg.cm-2 Pt) with catalyst layer formed by directly grown micro-
porous carbon nanotube (CNT) layer without incorporation of PTFE. The Pt 
nanoparticles were deposited by a radio-frequency planar magnetron 
sputtering in a PVD system. Due to the low electronic resistance of the 
directly grown micro-porous CNT layer and its intrinsic hydrophobicity, the 
authors were able to fabricate a MEA with CNTs that outperformed a 
conventional MEA with higher Pt loading [77]. Lim et al. synthesized highly 
graphitic nanocages that were hydrophobic. In their report, Pt was deposited 
by a modified polyol process where an organic solvent, ethylene glycol was 
used as a dispersant and reducing agent since the support is hydrophobic. The 
carbon nanocage was found to be resistance to electrochemical corrosion. The 
high corrosion resistance was attributed to the hydrophobic surface and the 
graphitic structure of the carbon nanocage [78]. 
 The nano-environment in catalyst layer is usually not totally 
hydrophobic or hydrophilic. It depends on the distribution of the hydrophobic 
or hydrophilic agents. Even if only perfluorosulfonic ionomer exists in the 
catalyst layer, the effect can be either hydrophobic or hydrophilic. According 
to Vol'fkovich et al., the hydrophobicity or hydrophilicity depends on the 
orientation of the hydrophilic sulfonate groups in the resin particles [79]. If the 
hydrophobic fluoroplast chains (-CF2-CF2-)n is orientated such that covering 
the sulfonate groups, the effect would be hydrophobic. This orientation of the 
sulfonate groups is a result of the interaction with the carbon support and it is 
pore size dependent. Both hydrophobic and hydrophilic properties are 
important in fuel cell performance. The simultaneous presence of hydrophilic 
and hydrophobic pores in the catalyst layer structure is important to provide 
the paths for the proton conduction and for the continuous supply of oxygen to 
the active sites [80].  
 
2.2.3 Design of fuel cell catalyst at molecular level 
 Design of fuel cell catalyst at molecular level involves modification or 
creation of new active sites that impact on the intrinsic activity of the catalyst. 




The design catalyst should be able to improve the activity by changing the 
selectivity towards certain reaction or altering the activation barrier to increase 
the reaction rate.  
 One method to achieve the enhancement in activity is through 
modification of the catalyst support. Recent studies suggest that carbon-based 
catalyst support materials can be systematically doped with nitrogen to create 
strong, beneficial metal-support interactions which substantially enhance 
catalyst activity. Apart from modifying nucleation and growth kinetics during 
catalyst nanoparticle deposition and enhancing support/catalyst chemical 
tethering, more importantly nitrogen doped carbons lead to electronic structure 
modification of the catalyst nanoparticle, which enhances intrinsic catalytic 
activity [81]. 
Several reports in the literature have provided experimental evidence showing 
that N-doped C catalyst support materials do enhance the ORR [82-85]. For 
instance, Zhou et al. showed that C–N surface species on highly oriented 
pyrolytic graphite (HOPG) strongly interact with a decorating Pt nanoparticle 
resulting in modification of the electronic structure of the Pt catalyst which 
may alter the Pt-CO bond strength and improve the CO tolerance of the 
catalyst in methanol oxidation reaction (MOR) [86]. 
 Another common way of changing the intrinsic activity of Pt catalyst is 
by doping with other metals. Antolini et al. showed that alloying Pt with Co 
significantly improved the activity for ORR [87]. The authors observed that 
with higher Co content, the Pt-Pt bond distance decreases and the metal 
particle size increases. The increase in the metal particle size led to the 
decrease in Pt d-band vacancy, as observed in the X-ray absorption near edge 
(XANES) spectroscopies. This reduces the OH adsorption on Pt surface 
leaving more surface sites for oxygen adsorption and hence improves ORR. 
Min et al. also reported that Pt-Co, Pt-Cr and Pt-Ni alloy catalysts that has 
smaller lattice parameters than Pt-alone catalyst showed significantly higher 
specific activities than Pt-alone catalysts with the same surface area. They 
attributed the enhancement in the activity to the smaller lattice parameters 
after the alloying. The reduced Pt-Pt distance was found to be favourable for 




the adsorption of oxygen [88]. Stamenkovic demonstrated that the Pt3Ni(111) 
surface with Pt-skin structure was 10-fold more active for the ORR than 
Pt(111) surface due to the unusual electronic structure (d-band centre position) 
and arrangement of surface atoms in the near-surface region of the Pt3Ni(111) 
surface. The effect of alloying resulted in the downshift of the d-band centre of 
Pt3Ni(111) surface compared to that of Pt(111). This weakens the interaction 
between the Pt surface atoms and nonreactive oxygenated species (such as OH) 
and thus increases the number of active sites for O2 adsorption [89]. The 
authors further showed there was 'volcano-type' behaviour between the 
electrocatalytic activity for ORR on Pt3M (M=Ni, Co, Fe, Ti, V) surfaces and 
the surface electronic structure (the d-band centre) of the catalysts, as 
determined by UPS. The maximum activity (determined by the kinetic current 
density at 0.9 V) was exhibited by Pt3Co with Pt-skin structure [90]. The 
characterization of Pt-M bimetallic materials (M = Co, Cr, Ni, Fe) by Teliska 
et al. using X-ray absorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) provides further evidences to support 
the fact that alloying weakens the interaction between the Pt surface and OH 
intermediate [91]. The chemisorption strength of OH is decreasing in the order 
of  Pt > Pt-Ni > Pt-Co > Pt-Fe > Pt-Cr and it is correlated with the fuel cell 
performance of these bimetallics, concluding the role of OH poisoning of Pt 
sites in fuel cells.  
 Apart from the ligand effect which shifts the Pt d-band centre relative 
to the Fermi level, the mismatch between the lattice constants in Pt-rich outer 
of the partially dealloyed Pt-M nanoparticles shell and Pt-M core might induce 
compressive strains in the Pt shell, which will also weaken the adsorption of 
nonreactive oxygenated species on Pt surface. Yu et al. utilized in situ X-ray 
absorption spectroscopy (XAS) to characterize dealloyed PtCo3 and PtCu3 
catalysts supported on high surface area carbon (HSC). The results showed 
that dealloyed PtCu3/HSC exhibited stronger bulk Pt-Pt compressive strains 
and higher d-band vacancies arise from a greater ligand effect induced by Pt-
Cu bonding than dealloyed PtCo3/HSC, which help to explain the higher initial 
activity of dealloyed PtCu3/HSC [92].  




 Strasser et al. systematically investigated the effect of Cu loading in 
dealloyed Pt-Cu core-shell nanoparticle electrocatalysts on the compressive 
strains in the Pt shell. From their results they derived a ‘volcano’ relation 
between the ORR rate and the compressive strain. The volcano shape shows 
that compressive strain first improve ORR activity by decreasing the binding 
energy of intermediate oxygenated species and lowers the barriers for proton 
and electron transfer reaction, but as the concentration of Cu increases, the 
compressive strain reaches a critical value where the binding becomes too 
weak and the catalytic activity is predicted to decrease because oxygen 
dissociation is affected. This provides a reactivity-strain relationship that  can 
be used as guidelines for tuning electrocatalytic activity [93]. Xiao et al. 
studied the strain effect and the ligand effect on the surface reactivity for two 
different systems. They found that for Pt-alloy cathode catalysts with Pt-rich 
surface, such as Pt-segregated Pt-Ni alloy, the strain effect is the dominant 
factor in the surface reactivity and the optimum catalytic activity toward ORR 
is predicted to be achieved on a contraction in Pt lattice by 1.9%. On the other 
hand, for Pd-based anode catalysts the ligand effect will play an more 
important role, and enhancing the surface reactivity by alloying with Cu can 
increase the catalytic activity toward the formic-acid oxidation reaction by 
orders in magnitude [94]. 
 Apart from ORR, the enhancement in methanol oxidation reaction 
(MOR) activity was also reported on alloy catalysts such as Pt/Ni alloy thin 
film due to the change in structural and electronic properties by alloying [95]. 
Synergistic effect in the Pt-Ru-Fe catalyst for the electro-oxidation of CO/H2 
and methanol was reported by Kim et al. The methanol oxidation activity of 
Pt3Ru2Fe/C was 2.5 times higher than that of PtRu/C at 0.45 V due to better 
CO tolerance of the catalyst. The Pt site that is electronically modified by Fe 
weakens the adsorption of CO while the Ru site that exists on the surface 
activates water forming OH species that facilitates the removal of adsorbed 
CO. The combination of these two factors give rise to the improvement in the 
electro-oxidation of CO/H2 and methanol at lower potential [96]. Ru@Pt core-
shell nanoparticles supported on carbon with 1-2 Pt monoatomic layers were 
also reported to have high catalytic activity when used in the anode of a 




DMFC. The authors concluded that the underlying Ru atoms modified the 




 Optimization of fuel cell performance requires consideration of many 
factors that affect the catalytic activity at different levels. In this chapter, three 
levels of catalyst design have been discussed. At the microscale level, the 
material composition of the catalyst layer, structural properties of the catalyst 
layer and catalyst supports are tuned to optimize the diffusion of reactants, 
ionic and electronic transports properties of the catalyst layer. The target of 
this optimization is to enhance the catalyst effectiveness in a fuel cell system. 
At nanoscale level, the spatial distribution of the active sites and the nano-
environment around the active sites determine the availability and the 
accessibility of active sites during electrochemical reactions. The morphology 
and size of the catalyst particle as well as the properties of nano-environment 
can be tuned utilizing different synthesis methods for the catalyst and catalyst 
support to optimize the number of accessible active sites for the improvement 
in fuel cell performance. The design of fuel cell catalyst at molecular level 
involves modification of active sites or creation of new active sites that affect 
on the intrinsic activity of the catalyst. This is usually done by changing the 
electronic structure of the catalyst or modifying the geometrical properties of 
the surface. The ultimate goal in the design and synthesis of efficient catalysts 
is to consider the three levels of catalyst design in an integrated view. It is only 
through an integrated and complete consideration of all the factors in the 
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 Membrane electrode assembly (MEA) with ultra-low Pt loading was 
fabricated utilizing vertically aligned carbon nanotubes (VACNTs) as highly 
ordered catalyst support. In this method, VACNTs were directly grown on 
aluminium foil by plasma enhanced chemical vapour deposition (PECVD), 
using Fe/Co bimetallic catalyst. A Pt thin layer was deposited on VACNTs/Al 
and through subsequent hot pressing, Pt/VACNTs are transferred from Al foil 
onto polymer electrolyte membrane to fabricate the MEA. The Pt/VACNTs 
based MEA with ultra-low Pt loading of 35 µg.cm-2 showed excellent 
performance comparable to that of MEA coated with commercial Pt catalyst at  
Pt loading of 400 µg.cm-2. The application of order-structured electrode based 
on VACNTs as Pt catalysts support substantially reduce the Pt loading of fuel 
cell while maintaining a comparable performance with traditional random 











3.1 Efficient utilization of Pt catalyst 
 Proton exchange membrane fuel cells or polymer electrolyte 
membrane fuel cells (PEMFCs) have been considered as the most promising 
alternative power sources among various types of fuel cells for applications 
such as electric vehicles, stationary power plants and electronic portable 
devices due to their high energy conversion efficiency, high power density, 
quick start-up, rapid response to varying load and low operating temperature 
[1]. However, high cost is still one of the major challenges for 
commercialization of PEM fuel cells. In particular, one of the barriers is the 
high price and limited availability of platinum-based electrocatalysts which 
are used in PEMFCs [1, 2]. It is therefore of great importance to significantly 
reduce the amount of precious metal in the electrocatalysts and consequently, 
the overall cost of fuel cells. Common approach to achieve this goal is by 
using carbon materials with high surface area and electronic conductivity such 
as carbon black, carbon fibre, mesoporous carbon and carbon nanotubes to 
improve the dispersion of the Pt-based metals and thus increase Pt 
electrochemical activity and utilization [3-11]. However, it has been realized 
that the efficient utilization of such carbon material supported Pt 
electrocatalysts in PEMFCs not only relies on the intrinsic catalytic activity of 
these electrocatalysts, but also strongly dependent on the structure of the 
catalyst layer formed by the electrocatalysts. The catalyst layer, sandwiched 
between gas diffusion layer and polymer electrolyte membrane, is usually 
prepared using amorphous carbon power supported Pt-based electrocatalysts. 
To promote the mass transfer of the reactant gas and proton conducting in the 
catalyst layer, a hydrophobic phase prepared using polytetrafluoroethylene 
(PTFE) [12-14] and hydrophilic proton conducting phase that utilized 
perfluorosulfonate ionomer (e.g., Nafion©, DuPont, USA) [15-17] are often 
present. However, PTFE and Nafion© are electrical insulators, the 
electrocatalysts which are covered by PTFE or Nafion© would lose electronic 
conducting paths or proton conducting paths, leading to low Pt utilization 
efficiency. Therefore, PEMFCs fabricated by carbon powder based 
electrocatalysts could be low in Pt utilization. This is why high Pt loading is 
needed, (ca. 0.4 mg cm-2) at the present stage of PEMFCs technology.  




3.2 Vertically aligned carbon nanotubes as fuel cell catalyst supports 
 A high efficient catalyst layer with ordered and porous structure as the 
catalyst support was designed to replace conventional carbon powder-based 
electrocatalysts for the improvement in Pt utilization. In this design, the key 
material is the vertically aligned carbon nanotubes (VACNTs), whereby their 
tubular axes are perpendicular to the substrate. VACNTs have been 
successfully synthesized on a variety of substrates such as Si wafers [18], 
glasses [19], metal plates [20-22] by chemical vapour deposition (CVD) and 
plasma enhanced chemical vapour deposition (PECVD). It is believable that 
VACNTs have better electronic conductivity [23, 24] and mass transportation 
[25], as compared with randomly orientated CNTs. The VACNTs also have  
large surface area and good chemical stability. These features render VACNTs 
promising for electrochemical system application [26-30]. However, 
application of VACNTs to fabricate a practical MEA are rarely successful due 
to complex chemical removal process of substrates and destructive transfer of 
Pt/VACNTs from substrate to PEM. Toops et al. [31] and Yan et al. [32] 
developed a method of preparing PEMFCs with aligned carbon nanotubes 
grown on conductive and porous substrates (such as carbon paper and low 
resistivity porous silicon), using anodized aluminium as template. The 
removal of anodized aluminium template was done using HF or NaOH 
solution. Recently, Hatanaka et al. [33] and Liu et al. [34, 35] applied well-
aligned multi-wall carbon nanotubes grown on a silicon and quartz substrates 
as a catalyst support for PEM fuel cell electrodes. The fragile substrates might 
penetrate the membrane during hot-pressing. Therefore, synthesis and 
application of Pt/VACNTs for PEM fuel cell application still remains 
challenging.  
 Apart from carbon nanotubes, Debe et al. from 3M company 
developed electrodes using nanostructured thin film Pt catalyst coated silica 
whiskers [36]. Silica whisker is an electronic insulator and thus the electronic 
conduction in the catalyst layer are dependent on Pt. Hence it is quite difficult 
to reduce the amount of Pt loading without affecting the electronic 
conductivity with silica supports. On the contrary, VACNT is an excellent 




electronic conductor and thus Pt loading on VACNT can be decreased without 
problem if the utilization of Pt could be improved. 
 A simple method of fabricating ultra low Pt loading MEA for PEMFCs 
application using ordered and porous VACNT film as catalyst support is 
described in this chapter. The VACNTs supported Pt catalyst can be fully 
transferred from the substrate to membrane without using any chemical for the 
removal of the substrate which would damage the membrane. The factors that 
influenced fuel cell performance such as area density of VACNTs, Nafion© 
content in the Pt/VACNT catalyst layer, Pt loading and distribution on 
VACNTs are also systematically investigated. The PEMFC using Pt /VACNT 
with the ultra-low Pt loading of 35 µg.cm-2 fabricated by the present method 
showed an excellent performance comparable to that of the commercial carbon 
powder based Pt electrocatalyst with the Pt loading of 400 µg.cm-2. Hence this 
shows that it is possible to substantially reduce the Pt loading through 
application of order-structured electrode based on VACNTs as Pt catalysts 
support. 
 
3.3 Preparation of the highly order-structured membrane electrode 
assembly 
3.3.1 Growth of VACNTs on aluminum foil 
 Figure 3.1 schematically illustrates the fabrication process of Pt 
electrocatalyst on VACNT film for a PEM fuel cell. In this method, an Al foil 
(7×13 cm2) was employed as substrate for growing VACNTs instead of 
conventional silicon substrate. 6 ml of 7 mM of iron acetate and cobalt acetate 
ethanol solution (Fe:Co=1:1) were evenly sprayed on the surface of Al foil 
followed by heat treatment at 500°C for 10 min in air to synthesize FeCo 
bimetallic catalyst for the growth of VACNTs. This procedure was repeated 
for several times until the desired density of catalyst nanoparticles on the Al 
foil was obtained. The catalyzed Al foil was then loaded in the chamber of a 
radio frequency (13.56 MHz) plasma-enhanced chemical vapour deposition 
(PECVD) system. The sample chamber was evacuated to a pressure of ~10-5 




Pa using a turbo pump in conjunction with a rough vacuum pump to remove 
the atmospheric impurities. 20 sccm of H2 gas was supplied into the chamber 
and the pressure was adjusted to 133±5 Pa (i.e.~1 Torr). The temperature of 
the graphite heater was ramped from the initial temperature to 500°C at a rate 
of 100 °C min-1. Once the final temperature was reached, the radio frequency 
power (30 W) was switched on to activate the hydrogen plasma to etch the 
FeCo bimetallic catalyst for 2 min. Subsequently, 20 sccm: 40 sccm of H2: 
C2H4 was introduced into the chamber and the growth time was 20 min. 
Subsequently, Pt nanoparticles were deposited onto the VACNTs/Al foil by 
physical sputtering methods such as direct current (DC) or radio frequency 
(RF) sputtering system.(see Section 3.3.2) Finally, the Pt/VACNT film was 
transferred from Al foil onto Nafion© membrane by hot-pressing to fabricate 
PEM fuel cells. 
 
  
3.3.2 Pt electrocatalyst deposition on VACNT film 
 The large area of VACNTs on Al foil was cut into pieces of 2×2 cm2. 
Pt nanoparticles were deposited on VACNT using DC and RF sputtering 
method. For DC sputtering using the Cressington Sputter Coater 208HR, the 
deposition time was 30 s and the sputtering current was 20 mA. The procedure 
was repeated for several times to achieve a desired Pt loading on VACNTs. 
Figure 3.1 Schematic illustration of synthesis of Pt catalyst on VACNTs and 
fabrication of MEA. 




The RF sputtering process was performed with a radio frequency magnetron 
sputtering system (Denton Discovery-18). Pure Pt target (purity 99.99%) was 
mounted at the sputter cathode of the system. During the sputtering process, 
the input power for the sputter cathode was 50 W and the Ar gas pressure was 
10 mTorr. To obtain a Pt loading of 20 µg.cm-2 the sputtering time was 120 s. 
For the post-transfer Pt-deposition, 15 µg.cm-2 Pt was sputter-deposited via the 
same sputtering process for 90 s. The Pt loading in all samples was precisely 
weighted using a microbalance (Sartorius NE5, d=±0.001mg). 
 
3.3.3 Fabrication of single PEM fuel cell 
 The Pt/VACNT on Al foil was impregnated with 100 µl of dilute 
Nafion© solution (10 µl of 5 wt% Nafion© solution in 1ml isopropanol) and 
then transferred onto the surface of Nafion© NRE 212 membrane by hot-
pressing at 130 °C under 30 kg cm-2 for 90 s. Wet-proof carbon paper with a 
microporous layer (Toray TGPH-090) was used as the gas diffusion layer. The 
Pt/VACNT coated membrane was sandwiched between gas diffusion layers, 
followed by hot-pressing at 130 °C with a pressure of 30 kg cm-2 for 1 min to 
form MEA. For the purpose of comparison, conventional carbon powder based 
electrode was prepared using 40 wt% Pt on carbon black catalyst (Johnson 
Matthey) by spraying the catalyst onto gas diffusion layers. 
 
3.3.4 Physical Characterization 
 The morphologies of the VACNTs, Pt/VACNT film were 
characterized by field emission scanning electron microscopy (FE-SEM, 
JEOL JSM 6700) and high resolution transmission electron microscopy (HR-
TEM, JEOL JEM-2010F). 
 
3.3.5 Measurements of fuel cell performance 
 Single fuel cell performance and the power output of Pt/VACNT film 
as electrodes in the PEM fuel cell were evaluated at 80°C under a back 




pressure of 30 psi using Arbin fuel cell test station (FC-50W). H2 and O2 were 
externally humidified at Dew point temperature of 80°C and 70°C, 
respectively. The gas flow rate was 400 sccm for both H2 and O2. 
 
3.4 Physical properties of the Pt/VACNT MEA 
 The images of Al foil before and after the growth of VACNTs, SEM 
and TEM images and Raman spectrum of the VACNTs are shown in Figure 
3.2. It can be seen that the VACNTs are evenly distributed on a large piece of 
Al foil with an area of 7×13 cm2 (Figure 3.2a). Curly CNTs perpendicularly 
grown on the Al foil was observed with the average length of around 1.3 µm 
(Figure 3.2b) and the diameter of less than 10 nm (Figure 3.2c). Figure 3.2d 
shows the Raman spectrum of the VACNTs. Well-defined Raman scattering 
characteristics of multi-walled CNTs can be observed. The peak at 1302 cm-1 
was assigned to the disordered graphite structure (D-line), the high frequency 
peak at 1580 cm-1 (G-line) corresponds to a splitting of the E2g stretching 
mode of graphite [37, 38]. The intensity of D line is higher than that of G line, 
reflecting that large amount of defects exist in VACNTs synthesized. This is 
due to the low growth temperature of VACNTs. The area of VACNTs grown 
on Al foil depends on the chamber size of PECVD system. Currently, PECVD 
system with chamber size ranging from 8 inch to 12 inch were widely 
employed at the semiconductor industry hence the growth of VACNTs in 
large area are possible for the manufacturing of kilowatts scale PEM fuel cells.  





 Figure 3.3 shows SEM and TEM images of Pt deposited on VACNTs. 
In Figure 3.3a and Figure 3.3b, the deposition depth of Pt on CNT was around 
500 nm and most of the Pt particles located on the first 200 nm from top of the 
CNT. It can be seen from Figure 3.3c and Figure 3.3d that Pt existed on the 
top part of VACNTs as nanoparticles and nano-film. These results indicate 
that Pt nanoparticles cannot penetrate through the entire VACNT film using 
physical sputtering method. This is likely due to the curling of carbon 
nanotubes at the top of the film that obstruct the deposition of Pt nanoparticles. 
Figure 3.2 (a) Images of Al foil before and after VACNT growth and (b) SEM and 
(c) TEM images and (d) Raman spectra of VACNTs grown on Al foil. 
10 nm 





    Pt/VACNT film was coated onto Nafion© membrane by hot-pressing. The 
transfer process does not require chemical removal of the substrate since Al 
foil can be easily peeled off without damaging the membrane. There was no 
Pt/VACNT film that remains on Al foil after the transfer process as shown in 
Figure 3.4. The Pt/VACNT film was uniformly attached to both sides of the 
membrane and the vertically aligned structure was retained after the transfer. 
(Figure 3.5). The thickness of Pt/VACNT film on the MEA is 1.2 µm, which 
did not change during the transfer by hot-pressing. The ease in the transferring 
is due to the weak interaction between VACNTs and Al foil and good 
mechanical strength and flexibility of both the VACNT film and Al foil. 
However, the VACNTs grown on conventional substrate such as silicon wafer 
or quartz is difficult to transfer by hot-press since the substrates are hard and 
brittle, easier to break and damage the MEA. The use of flexible and durable 
substrate is the key factor for the application of VACNTs in a practical PEM 
fuel cell. 
Figure 3.3 SEM and TEM images of Pt deposited on VACNTs. 
 











3.5 Single cell performance of Pt/VACNT MEA 
 The catalytic activities of Pt/VACNTs in a single PEM fuel cell as 
cathode and anode were evaluated using H2 and O2 at 80 °C. The 
performances of all cells evaluated in this study are listed in Table 3.1 for 
comparison. Figure 3.6 shows the polarization curves and power densities of 
single cells using Pt/VACNT film as cathode. The anode with Pt loading of 
400 µg.cm-2 was prepared using Johnson Matthey 40 wt% Pt/C. Figure 3.6a 
shows the effect of area density of VACNTs with Pt loading of 30 µg.cm-2 
prepared by DC sputtering method and Nafion© loading of 10.8 µg.cm-2 in 
Pt/VACNT film. The control of area density of VACNTs synthesized was 







Figure 3.5 SEM images of Pt catalyst on VACNTs transferred onto Nafion© 
membrane by hot press. 
Figure 3.4 Image of Pt/VACNTs transferred from Al foil onto Nafion© membrane. 
 




Three sample labels (3×6 ml, 5×6 ml and 9×6 ml) denote the different volume 
of iron acetate and cobalt acetate ethanol solution used for the synthesis of 
FeCo catalyst. The acetate ethanol solution of 7 mM FeCo (6 ml) was sprayed 
on Al foil with an area of 7×13 cm2 followed by calcination in air at 500 °C 
for 10 min. The process was repeated 3, 5 and 9 times, respectively, to obtain 
the FeCo catalysts for the growth of VACNTs. The area density of VACNTs 
calculated based on the SEM images of VACNTs in Figure 3.7 was 3.6 ± 0.3, 
4.8 ± 0.4  and 9.0 ± 0.4 × 1018 cm-2 for the samples 3×6 ml, 5×6 ml and 9×6 
ml, respectively. Figure 3.6a shows the current–voltage polarization curves 
which show clear activation, cell resistance and mass transfer-control regions 
for the cells prepared with VACNTs of three area densities. At the cell voltage 
ranging from open circuit voltage to 0.6 V (activation and Ohmic region), all 
cells showed similar performance, indicating that the area density of VACNTs 
hardly affects the activation and resistance of the cell. However, as the cell 
voltage decreases to less than 0.6 V (mass transfer control region), the 
difference in the cell performance is significant. For example, the current 
density of the cell at 0.2 V was 1.45 A.cm-2 for cell-9×6 ml, and increased 
obviously to 2.0 A.cm-2 for cell-5×6 ml and reached further to 2.3A.cm-2 for 
cell-3×6 ml. The maximum power density of the cell also increased 
significantly from 0.55 W.cm-2 for cell-9×6 ml to 0.71 W.cm-2 for cell-3×6 ml. 
The significant difference in performance of the cells with three different area 
densities of VACNTs at the mass transfer control region suggests that the area 
density of VACNTs could significantly affect the mass transportation of O2 
and H2O formed in Pt/VACNTs composite. The best performance was 
obtained by the cell-3×6 ml, so VACNTs were synthesized using FeCo 
catalyst prepared by the 3×6 ml procedure in all following samples. Figure 
3.6b shows the effect of Nafion© content on the Pt/VACNTs composite with 
Pt loading of 30 µg.cm-2 prepared by DC sputtering method. The cells 
impregnated with Nafion© solution displayed higher performance as 
compared with the cell without Nafion© impregnation, especially at high 
current densities. The cells with Nafion© content of 10.8 µg.cm-2 showed the 
best performance with the maximum power density of 0.71 W.cm-2, which is 
29 % higher than that of the cell without Nafion© (0.55 W.cm-2 ) and 16.4 % 




higher than that of the cell with Nafion© loading of 35.4 µg.cm-2 (0.61 W.cm-
2). This indicates that the impregnation of Nafion© into Pt/VACNTs 
composite not only improves proton transportation and enhance the formation 
of effective reaction sites on Pt/VACNTs composite, but also effectively 
adjust the hydrophobic and hydrophilic properties of Pt/VACNTs film 
forming effective mass transportation channels for delivery of O2 to the 
reaction sites and removal of product H2O from them. This resulted in the 
improvement of the performance of PEMFC at high current densities. 
However, overloading of Nafion© in the Pt/VACNT catalyst layer has 
detrimental effect on the cell performance, this might be due to the obstruction 
of gas diffusion pore by Nafion© or flooding of the cathode catalyst layer.  
 
Table 3.1 Performance comparison of Pt catalyst on VACNTs as anodes and cathodes 







( Pt loading, µg.cm-2) 
Cathode 
( Pt loading, µg.cm-2) 
VACNTs(3×6ml) JM(400 µg.cm-2)b Pt/VACNTs(30 µg.cm-2) 0.71±0.07 
VACNTs(5×6ml) JM(400 µg.cm-2) Pt/VACNTs(30 µg.cm-2) 0.64±0.06 
VACNTs(9×6ml) JM(400 µg.cm-2) Pt/VACNTs(30 µg.cm-2) 0.55±0.05 
Nafion© Loading=35.4 
µg.cm-2 JM(400 µg.cm
-2) Pt/VACNTs(30 µg.cm-2) 0.61±0.06 
Nafion© Loading=10.8 
µg.cm-2 JM(400 µg.cm
-2) Pt/VACNTs(30 µg.cm-2) 0.71±0.07 
No Nafion© JM(400 µg.cm-2) Pt/VACNTs(30 µg.cm-2) 0.55±0.05 
Pt/VACNTs=6 µg.cm-2 JM(400 µg.cm-2) Pt/VACNTs(6 µg.cm-2) 0.47±0.04 
Pt/VACNTs=19 µg.cm-2 JM(400 µg.cm-2) Pt/VACNTs(19 µg.cm-2) 0.64±0.06 
Pt/VACNTs=30 µg.cm-2 JM(400 µg.cm-2) Pt/VACNTs(30 µg.cm-2) 0.71±0.07 
Pt/VACNTs=50 µg.cm-2 JM(400 µg.cm-2) Pt/VACNTs(50 µg.cm-2) 0.73±0.07 
Pt/VACNTs=85 µg.cm-2 JM(400 µg.cm-2) Pt/VACNTs(85 µg.cm-2) 0.67±0.06 
Pt/VACNTs=118 µg.cm-2 JM(400 µg.cm-2) Pt/VACNTs(118 µg.cm-2) 0.69±0.06 
Pt/C-JM=50 µg.cm-2 JM(400 µg.cm-2) Pt/VACNTs(50 µg.cm-2) 0.41±0.04 
Pt/C-JM=100 µg.cm-2 JM(400 µg.cm-2) Pt/VACNTs(100 µg.cm-2) 0.80±0.07 
Pt/VACNTs=35µg.cm-2  
(F=20 µg.cm-2 B=15 
µg.cm-2) 
JM(400 µg.cm-2) Pt/VACNTs(35 µg.cm-2) 0.99±0.09 
Pt/VACNTs (Both sides) 
F=20 µg.cm-2 B=15 
µg.cm-2 
Pt/VACNTs(35 µg.cm-2) JM(400 µg.cm-2) 1.03±0.09 




Pt/VACNTs (one side) 
 F=30 µg.cm-2 Pt/VACNTs(30 µg.cm
-2) JM(400 µg.cm-2) 0.32±0.03 
Pt/C-JM=400 µg.cm-2 JM(400 µg.cm-2) JM(400 µg.cm-2) 1.0±0.1 
Pt/VACNTs=35µg.cm-2 
@ each side Pt/VACNTs(35 µg.cm
-2) Pt/VACNTs(35 µg.cm-2) 1.02±0.09 
Pt/C-JM=400 µg.cm-2 @ 
each side JM(400 µg.cm
-2) JM(400 µg.cm-2) 1.0±0.1 
a Single fuel cell polarization curve and the power output of Pt/VACNT film as electrodes in the PEM 
fuel cell were evaluated at 80°C under a back pressure of 30 psi using Arbin fuel cell test station (FC-
50W). The hydrogen and oxygen reactant gases were externally humidified at Dew point temperature of 
80°C and 70°C, respectively. The gas flow rate was 400 sccm for both hydrogen and oxygen.  
b JM- Johnson-Matthey 40% Pt on carbon powder catalyst. 

















Figure 3.6 Polarization curves and power density of single PEM cells using 
Pt/VACNTs film as cathode: (a) effect of area density of VACNTs (b) effect of 
Nafion© content in the Pt/VACNTs film (c) effect of Pt loading in Pt/VACNTs. 
(d) 





 The effect of Pt loading on the performance of the VACNTs was also 
investigated in single PEM cells using Nafion© loading of 10.8 µg.cm-2. The 
Pt/VACNTs films with Pt loading of 6 µg.cm-2 were prepared by DC 
sputtering with the deposition time of 30 s and the sputtering current of 20 mA. 
By repeating the procedure for 3, 5, 8, 14 and 18 times, the Pt/VACNTs with 
Pt loading of 19, 30, 50, 85 and 118 µg.cm-2 were prepared. The cells with 
various Pt loadings of Pt/VACNTs films obtained were denoted as 
Pt/VACNTs-6µg, Pt/VACNTs-19µg, Pt/VACNTs-30µg Pt/VACNTs-50µg, 
Pt/VACNTs-85µg and Pt/VACNTs-118µg, respectively. The polarization 




Figure 3.7 SEM images of VACNTs prepared using different amount of 
FeCo catalyst on Al foil. 




3.6c. The polarization curves obtained with the cells Pt/C-JM=50µg and Pt/C-
JM=100µg prepared using commercial Pt/C electrocatalyst from Johnson 
Matthey with Pt loading of 50 µg.cm-2 and 100 µg.cm-2 respectively were 
shown for comparison in Figure 3.6d. The Pt/VACNT cells with Pt loading of 
6, 19, 30, 50 µg.cm-2 had a significantly higher performance in comparison 
with Pt/C-JM=50µg, even when ultra-low Pt loading of 6 µg.cm-2 was used. 
Pt/VACNTs-6µg had a maximum power density of 0.47 W.cm-2, which was 
15 % higher than 0.41 W.cm-2 of Pt/C-JM=50 µg cell. At the same Pt loading 
of 50 µg.cm-2, the maximum power density was 0.73 W.cm-2 for Pt/VACNTs-
50µg, which was 78 % higher than that of Pt/C-JM=50µg and achieved 87.5 % 
of 0.80 W.cm-2 by Pt/C-JM=100µg. However, as Pt loading for Pt/VACNTs 
increased to 85 µg.cm-2 and 118 µg.cm-2, the cells performance was still lower 
than that of Pt/C-JM=100µg and even slightly lower than Pt/VACNTs-50µg. 
As shown in the figure, the maximum output power density of 
Pt/VACNTs=19µg was 0.64 W.cm-2, when the Pt loading increased, the power 
density was increased to 0.73 W.cm-2 for Pt/VACNTs=50µg. But when the Pt 
loading was further increased, the power densities registered for 
Pt/VACNTs=85µg and Pt/VACNTs=118µg were only 0.66 W.cm-2 and 0.69 
W.cm-2 respectively, implying that the increasing in Pt Loading does not 
effectively improve the electrochemical activity of Pt/VACNTs indefinitely. 
This is mainly due to the fact that most of Pt nanoparticles were deposited on 
the top portion of the VACNTs instead of distributed on the entire VACNTs 
as observed in Figure 3.3. With the increase of Pt loading in VACNTs, Pt 
nanoparticles gradually formed a thick shell on top of CNTs as shown in 
Figure 3.8, thus the electrochemical activity area of Pt/VACNTs does not 
improve as the Pt loading increases, instead decreases as the loading increases 
over a critical value. In order to improve the dispersion of Pt on VACNTs, a 
new Pt deposition procedure was developed, in which 20 µg.cm-2 Pt was first 
deposited on the front of the VACNTs/Al foil followed by Nafion© 
impregnation with a loading of 10.8 µg.cm-2, and then, the Pt/VACNTs film 
was transferred from Al foil onto Nafion© membrane. Subsequently, 
additional 15 µg.cm-2 Pt was deposited on top of the VACNTs/Pt/Nafion© 
assembly and the total Pt loading on the VACNTs film became 35 µg.cm-2. 




The TEM images of the Pt/VACNTs prepared with this method are shown in 
Figure 3.9. The Pt dispersion was significantly improved compared with the 
one-step deposition procedure shown in Figure 3.3. In the new two-step 
deposition procedure, RF sputtering method was employed instead of DC 
sputtering method. This is because the Pt deposited by DC sputtering method 
contains a little more Pt oxide compared to that prepared by RF sputtering due 
to the low quality vacuum of DC sputtering chamber. Therefore, the product 
prepared by DC should be treated in H2 environment at 300°C to reduce the 
oxide before used for fabrication of electrodes. The cell obtained through the 
new procedure was denoted as Pt/VACNTs=35µg (F-20 µg, B-15 µg). Its 
performance was shown in the Figure 3.6(d). It can be seen that the cell 
displays an excellent performance with the maximum output power of 0.99 
W.cm-2, which was 24% and 141% higher than that of Pt/C-JM=100µg and 
Pt/C-JM=50µg respectively. The significant increase in the performance 
indicates that ultra-low Pt loading is achievable through improving Pt 
dispersion on VACNTs.  
 










Figure 3.8 SEM images of Pt/VACNTs with various Pt loading (a and b) 6 µg.cm-2, 
(c and d) 30 µg.cm-2 and (e and f) 50 µg.cm-2. 
 





 Figure 3.10 shows polarization curves and power output densities of 
single PEM fuel cells with Pt/VACNTs=30µg and Pt/VACNTs=35µg (F-20 
µg, B-15 µg) as anode. The cathode of these cells was prepared using 
commercial Johnson Matthey 40% Pt/C electrocatalyst with the Pt loading of 
400 µg.cm-2. The performance obtained from cell with Pt/VACNTs=35µg (F-
20µg, B-15µg) was comparable to the commercial electrode with Pt loading of 
400 µg.cm-2, suggesting that the Pt loading of 35 µg.cm-2 supported on the 
both sides of VACNT film is able to possess the same electrochemical activity 
as high as 400 µg.cm-2 of commercial electrocatalyst for hydrogen oxidation. 
However, for Pt/VACNTs=30µg, the cell voltage dropped rapidly as the 
current density increased and its performance was obviously lower than that of 
Pt/VACNTs=35µg(F-20 µg, B-15 µg) and also lower than the cell that utilized 
Pt/VACNTs=30µg as cathode (shown in Figure 3.6c), although the fact is that 
the kinetics of the hydrogen oxidation is far faster than that for oxygen 
reduction on Pt [39]. It is well-known that at the anode side of PEM fuel cell, 
hydrogen is dissociated into protons and electrons on Pt surface and then the 
protons in the form of H3O+ transfer through the membrane to cathode and 
combine with O2 and electrons forming H2O. Therefore, H2O plays a critical 
role for the transportation of proton at the anode side. For the cell with 
Pt/VACNTs=30 µg as anode, Pt nanoparticles that dispersed on the top part of 
the VACNTs are in contact with the membrane through the perfluorosulfonic 
Figure 3.9 TEM images of Pt deposited on both sides of VACNTs with Pt loading 
of 20µg.cm-2 on the front side and 15µg.cm-2 on the back side. 




ionomer as observed in Figure 3.3, hence this part of the catalyst layer is 
hydrophilic. The Pt-free part of the VACNTs are strongly hydrophobic, which 
impedes the diffusion of H2O vapour from the humidified H2 gas to Pt reactive 
sites. The electro-osmotic drag also depletes the H2O content in anode hence  
further retards the formation and diffusion of H3O+ towards the membrane, 
leading to the poor performance of the cell with Pt/VACNTs=30µg as anode. 
On the other hand, when Pt/VACNTs=30µg was used as cathode, it receives 
H3O+ from anode, thus there is no proton transportation issue and the cell 
shows a well-defined polarization curve. In the cell with Pt/VACNTs=35 µg 
(F-20 µg, B-15 µg), Pt nanoparticles dispersed on the both side of VACNTs 
effectively decrease the strong hydrophobic property of surface of VACNTs, 
which facilitates the H2O transportation and formation of H3O+. Therefore, 
Pt/VACNTs=35µg (F-20 µg, B-15 µg) showed an excellent performance as 




 The performance comparison of the single PEM fuel cells fabricated 
fully by Pt/VACNTs=35µg (F-20 µg, B-15 µg) films and commercial Johnson 
Figure 3.10 Polarization curves and power density of single PEM fuel cells with 
Pt/VACNTs=30µg and Pt/VACNTs=35µg(F-20 µg, B-15 µg) as anodic electrodes. 




Matthey 40% Pt/C electrocatalyst with the Pt loading of 400 µg.cm-2 is shown 
in Figure 3.11. The cell with Pt/VACNTs displays a similar performance to 
the cell with commercial electrocatalyst. The current density at the cell voltage 
of 0.6 V was 1.35 A.cm-2 for cell with Pt/VACNTs, which was 11.1 % lower 
than that of Johnson Matthey catalyst (1.52 A.cm-2). The maximum power 
density of the cell with Pt/VACNTs was 1.02 W.cm-2, which is comparable to 
1.04 W.cm-2 of the cell with the commercial electrocatalyst. The Pt loading in 
the cell with Pt/VACNTs was ten times lower than that with commercial 
catalyst but it achieved an excellent performance comparable with the 
conventional Pt electrocatalyst on carbon powder.  
 
 In PEM fuel cell, the efficient electrochemical reaction takes place at 
the three-phase boundaries in the catalyst layer, in which the active catalyst 
should be simultaneously accessible by protons, electrons, reactants and the 
removal of products. Figure 3.12 schematically illustrates the structure of the 
catalyst layers fabricated by random carbon powder-based Pt electrocatalyst 
and ordered VACNTs film supported Pt electrocatalyst. The conventional 
carbon powder-based catalyst layer (Figure 3.12a) is randomly constructed by 
Figure 3.11 Performance comparison of single PEM fuel cells fabricated fully by 
Pt/VACNTs= 35µg(F-20µg, B-15µg)films and commercial Johnson Matthey 40% 
Pt/C powder with the Pt loading of 400 µg/cm2. 




Pt/C powder and ionomer, where the ionomer is a proton conductor but not a 
electronic conductor. The addition of ionomer is able to significantly decrease 
proton transfer resistance, but too much ionomer will increase the resistance 
for electron conduction and mass transportation. Therefore, to maximize the 
three-phase boundary area, the content of ionomer must be carefully optimized. 
Even so, some Pt/C would be covered completely by ionomer and thus not 
accessible to reactant or electron conduction paths, while some might not be in 
contact with the ionomer. For these reasons, high Pt loading is needed to 
obtain desired PEM fuel cell performance using carbon powder-based 
electrocatalyst. When VACNT film was used as catalyst layer, as shown in 
Figure 3.12b, the catalyst layer has an ordered structure with Pt catalyst 
dispersed on the outside of VACNTs which is in close contact the proton 
conducting membrane at one end and the current collecting gas diffusion layer 
at the other end, thereby forming integrated and aligned electron, proton and 
mass transfer pathways between the membrane and gas diffusion layer for 
every Pt nanoparticles. The orderly structured catalyst layer might provide a 
better structure that maximizes the three-phase boundaries and uniform 
chemical reaction conditions for Pt catalyst, compared with the random carbon 
power-based catalyst layer. As shown in Figure 3.11, Pt catalyst on VACNTs 
film with the Pt loading of 35 µg.cm-2 at each electrode has comparable 
performance to the conventional carbon powder based Pt catalyst with the Pt 
loading of 400 µg.cm-2 at each electrode, even though the Pt catalyst on the 
commercial support has a uniform dispersion and narrow particle size 
distribution of 3~5 nm as shown in Figure 3.13. 







3.6 Mathematical analysis of the cathode catalyst layer 
 In order to further understand the difference between the two kinds of 
catalyst layers shown in Figure 3.12, mathematical methods was used to 
simulate their performance as cathode catalyst layers (CCL) in fuel cells.  
 The model of random carbon powder based catalyst layer is set up 
based on water-filled agglomerates model at the agglomerates level and 
macrohomogeneous model at the catalyst layer level [40]. The water-filled 
agglomerate model is based on Nernst-Planck equation of proton transport in 
Figure 3.13 Commercial John Matthey 40 wt% Pt/C catalyst. 
Figure 3.12 Schematic drawings of the electrode structure of Pt catalyst on carbon 
powder (a) and Pt catalyst on VACNTs film (b). 




water-filled channels, Poisson equation for proton charge density in 
agglomerates and Fick’s law of oxygen diffusion in water. The 
macrohomogeneous catalyst layer model is governed by conservation 
equations of mass and electrical charges, Ohm’s law of proton transport and 
Fick’s law of gaseous diffusion of oxygen. (details in Chapter 1.) 
 For the model of ordered VACNTs catalyst layer, it is set up based on 
macrohomogeneous model. That is because Nafion© is uniformly distributed 
along the surface of Pt catalyst on VACNTs in the catalyst layer and there are 
no agglomeration of catalyst particles. The main equations for this model are 
the same as the  macrohomogeneous model used for the model of random 
carbon powder based electrode at catalyst layer level only differ in physical 
parameters. 
 In these models, the key parameter is the effectiveness factor of Pt 
utilization, which is defined as the apparent rate of current conversion 
demonstrated by a specific catalyst layer design divided by the ideal rate 
obtained if all Pt atoms were used equally in electrochemical reactions at 
specified electrode overpotential and externally supplied reactant 
concentrations [40]. Figure 3.14 shows simulated polarization curves and 
effectiveness factor of Pt utilization for ordered structured CCL with Pt 
loading of 35 µg.cm-2 and random carbon power-based CCL with Pt loading 
of 400 µg.cm-2. The Pt particle size was 3 nm for both CCLs. The performance 
of the ordered VACNTs-based CCL was slightly lower than that of random 
carbon-based at low current densities region (< 0.6 A.cm-2) and much higher 
at current densities between 0.6 to 3 A.cm-2. The simulated results match our 
experimental results as shown in Figure 3.11. The effectiveness factor of Pt in 
the ordered VACNTs-based CCL gradually decreased from 0.4 to 0.36 as the 
current densities increased from 0.01 to 3 A.cm-2, much higher than that of 
random carbon-based CCL, which is from 0.065 to 0.0086, suggesting that 
ordered VACNTs based CCL can provide more efficient and uniform reaction 
pathways for Pt catalysts than random carbon powder based CCL. That is the 
main reason for PEM fuel cells using Pt/VACNT electrodes to achieve a 




comparable performance as conventional carbon powder based electrodes with 




   An effective method for fabricating Pt/VACNT thin film electrodes with 
high performance for PEMFC has been successfully developed. The PEM fuel 
cell with the Pt/VACNT film showed an excellent performance comparable to 
that of the commercial Pt/C electrocatalyst at 400 µg.cm-2 with a ten-fold 
reduction in Pt loading (35 µg.cm-2). The present method is simple, and 
scalable for mass production due to the capability of growing VACNTs in 
large area.  
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 One issue with air breathing proton exchange membrane fuel cells 
(AB-PEMFCs) is that the reactants are not externally humidified, and thus the 
membrane or the catalyst layers might dry out due to electro-osmotic drag, 
diffusion and evaporation at the opening cathode, resulting in the drop in 
internal ionic conductivity and thus in cell performance. In this chapter, the 
preparation and characterization of self-humidifying carbon supported Pt 
catalyst using citric acid modified carbon black (CA-CB) as the catalyst 
support are presented. Pt/CA-CB is highly hydrophilic due to the functional 
groups attached onto the carbon support, which renders it the ability to retain 
water in the membrane electrolyte assembly (MEA) and to improve the 
performance of AB-PEMFCs. Maximum power density of 204 mW.cm-2 can 
be achieved in an air-breathing PEM fuel cell stack using Pt/CA-CB, thick 
polymer membrane (NRE212) and circular opening cathode. 23.4% 
enhancement in the output power density can be achieved by using Pt/CA-CB 
in place of commercial catalyst when oblique slit cathodes are used. This self-











4.1 Humidification issue in air-breathing PEMFCs 
 The advantages of proton exchange membrane fuel cells (PEMFCs), 
such as low operating temperature, quick start-up and high specific energy 
density make them highly suitable for portable applications. Dyer [1] indicated 
that the cost tolerance (which is the allowable cost based on the competitive 
technology to be displaced or complemented.) for fuel cells in portable devices 
is two orders of magnitude greater than that for automotive applications. Thus 
PEMFCs manufacturing and sales for portable applications exhibited stronger 
growth than their production for other applications in the past few years. 
 Air breathing proton exchange membrane fuel cells (AB-PEMFCs) are 
commonly used for portable applications. One of the problems with AB-
PEMFCs is that the reactants are not externally humidified, and thus the 
membrane or the catalyst layers would dry out due to water electro-osmotic 
drag, back diffusion or evaporation at the opening cathode [2]. Self-
humidifying membrane-electrode-assemblies (MEAs) are deemed to be the 
solution to this problem [2-8]. To fabricate self-humidifying MEAs, 
modifications of the membrane were reported by adding hygroscopic materials 
such as silica and zirconia particles [2], or Pt catalyst materials (for water 
production) [3-5], or adding both materials [6-8]. The modification of 
membrane using Pt catalyst is costly, and might create electron-conducting 
paths that increase the possibility of a short circuit through the membrane. To 
avoid this, composite membrane with a sandwich structure was proposed [5], 
but the fabrication of sandwich structure with Pt catalyst is still expensive. 
Another way of solving the problem is to modify the electrodes where 
hygroscopic material such as SiO2 was added to the electrodes instead of 
modifying the membrane to increase the water content in the MEA and reduce 
the ionic resistance in the cell [9, 10]. The drawback for this method is that 
SiO2 also reduces the electrical conductivity of the catalyst layer while it 
improves the proton conductivity. Thus a balance has to be achieved to 
produce an optimum performance [11]. Eastcott et al. also pointed out that 
when there is no sulfonic acid groups (i.e. Nafion© ionomer) in the silicate 
based electrodes, the proton conductivity is significantly lower than Nafion© 




impregnated electrode [11]. This is because SiO2 itself is also low in proton 
conductivity, it only improves the proton conductivity through its hygroscopic 
property when under low humidification, but the authors suggest that SiO2 
doped electrodes may be useful for high temperature fuel cell system that may 
be using silicate based membrane materials. By incorporating a water transfer 
region in the electrodes, Wang et al. proposed another inexpensive and easy 
method of modification of the electrodes without additives [12]; however by 
incorporating water transfer region in the AB-PEMFC means an increase in 
cell area, which is not favourable for portable devices.  
 Without external humidification, portable fuel cells are prone to dry 
out during operation and thus leading to lower performance during steady state 
operations. To solve this problem, self-humidifying catalyst using citric acid 
treatment was fabricated and the performance of the catalyst was evaluated. In 
a previously reported work [13], citric acid treatment is proven to be a simple 
and effective method to modify carbon black and to enhance the 
electrochemical activity of the Pt catalysts for methanol oxidation. Herein, 
self-humidifying Pt catalyst with citric acid modified carbon black (CA-CB) 
as the support was prepared for a H2 AB-PEMFC. The MEA fabricated from 
the self-humidifying catalyst is shown to be able to retain water in the reaction 
regions, thus leading to enhancement of proton conductivity without addition 
of hygroscopic oxides or modification to the membrane or electrodes. When a 
thick polymer membrane NRE212 is used, Pt/CA-CB catalyst achieves 23.4% 
higher output power density than that of a commercial catalyst under similar 
testing conditions (oblique slit cathodes). This method is relatively simple and 
inexpensive compared to other self-humidifying MEA in the literature, 
showing a potential application in the enhancement of the fuel cell 
performance in portable devices. Similar approach whereby enhancement of 
proton conductivity is achieved by modification of support is reported by other 
groups of researchers as well, for instance, Jia et al. reported that by oxidation 
of Pt/C using nitric acid, the hydrophilic catalyst enhanced the wetting of the 
catalyst layer [14]. Instead of using strong acid as oxidant, Z. Xu et al. and C. 
Y. Du et .al. used a simple yet effective method similar to the citric acid 
modification method; thermal decomposition of ammonium sulfate to attach 




sulfonic groups for the improvement of conductivity of catalyst layer [15, 16]. 
These methods are developed according to the same idea that is adopted in this 
research, modification on the catalyst support to improve proton conductivity 
instead of modification on the membrane materials. 
 
4.2 Preparation and characterization of functionalized carbon 
blacks 
 The self-humidifying catalyst was prepared by deposition of Pt 
nanoparticles onto functionalized carbon black, which is derived from 
commercial carbon black (Vulcan XC72R, Cabot Corp.) using citric acid (CA) 
treatment as described in previous publication [13]. The functional groups can 
form hydrogen bonds with water molecules, hence help to anchor water 
molecules formed in the catalyst layer. This actually helps to humidify the 
catalyst layer without external humidification, thus hydrophilic (functionalized) 
surfaces are used for self-humidification. 
 In a typical experiment, 100 mg of XC72 carbon black (Cabot Corp.), 
100 mg of citric acid monohydrate (Fluka 99.5%) and 10 mL of distilled water 
were mixed with the assistance of ultrasonic vibration (Elma, 100W and 35 
kHz) for 15 min, and then left to dry to form a paste. After heating at 300oC 
for 30 min, the CA-treated carbon black is ready for Pt deposition. The 
functionalized carbon black is assigned as CA-CB. Pt nanoparticles were 
subsequently deposited on CA-CB using microwave-assisted heating [17]. 
Briefly 150 mg of CA-CB was dispersed in 50 ml of ethylene glycol (EG) by 
ultrasound treatment in a beaker. An EG solution of H2PtCl6.6H2O (Fluka), 
containing 100 mg of Pt, was added drop by drop into the homogeneous CA-
CB in EG solution to obtain a catalyst with 40 wt% of Pt. The mixture of Pt 
precursor and CA-CB in EG solution was stirred for 20 min. Subsequently 1M 
NaOH in EG solution was added drop wise to adjust the pH of the mixture to 
11 while the total volume of the mixture solution was 150 ml. The mixture 
solution was then transferred into a round bottom flask and placed inside a 
microwave reactor (Milestone MicroSYNTH, 2.45 GHz) for 5 min microwave 




irradiation at 800 W. The resulting suspension of Pt-deposited carbon was 
centrifuged, washed to remove the organic solvent, and dried at 80oC 
overnight in a vacuum oven. The catalyst prepared is assigned as Pt/CA-CB. 
 The distribution and morphology of Pt catalysts were examined by 
TEM (JEOL JEM 2010F) operated at 200 kV. XRD patterns were taken on a 
Bruker D8 advance x-ray diffractometer, with the 2θ angular ranges from 10o 
to 90o. The average crystallite size of the Pt particles was estimated from the 
diffraction peak of Pt (220) using the Scherrer equation [18]. FT-IR spectra 
were obtained with an EXCALIBUR FTS3000MX FT-IR spectro-photometer 
in the 4000–400 cm–1 region. CV curves were recorded at room temperature 
(25oC) using an Autolab PGSTAT302 potentiostat/galvanostat in a 
conventional three-electrode cell containing 0.5 M H2SO4 electrolyte, with 5 
mm diameter glassy carbon electrode, a platinum foil and an Ag/AgCl 
electrode are being used as the working, counter and reference electrodes, 
respectively. The catalyst ink was casted on the glassy carbon electrode in a 5 
wt% Nafion© (Aldrich) solution with a metal loading of 407 μg.cm-2. 
 
4.3 Fabrication and characterization of air-breathing PEMFCs 
 The air breathing PEM fuel cell was fabricated following the 
procedures described by Bussayajarn et al. [19] Gas diffusion layer (GDL) 
was prepared using carbon paper (P75T from Ballard®), Vulcan XC-72R 
carbon powder (Cabot Co.) and polytetrafluoroethylene (PTFE, 60 wt% 
Aldrich), with 30 wt% PTFE content and 1.5 mg.cm-2 carbon loading. The 
catalyst layer was deposited on GDL, consisting of the weight ratio 1:1 
mixture of the Pt/CA-CB catalyst and Nafion© (Dupont®), the Pt loading 
being 0.4 mg.cm-2. The 5-layer sandwiched MEA consisting of 
GDL/Catalyst/Nafion©-Membrane/Catalyst/GDL was fabricated by hot-
pressing at 50 kg.cm-2 and 140oC. Two types of Nafion© membranes 
(NRE211 or NRE212) were used in separate tests for comparison. NRE212 is 
50 μm in thickness while NRE211 is only 25 μm. The MEA with an active 
area of 11 cm2 was inserted into an air-breathing fuel cell test fixture 




consisting of two cell stacks as schematically depicted in Figure 4.1. Two air-
breathing cathodes are positioned on top and bottom of the planar stack. Two 
anodes are placed back to back with insulation layer separating them. The 
hydrogen flow was admitted into the middle plates and distributed to the two 
cells. Note that two different designs for the open cathode (see Figure 4.1b), 
oblique slit and circular opening, were used in comparative testing to 





 The polarization curves were measured using a Scribner® fuel cell test 
system. Cell conditioning was performed at room temperature under a 
constant voltage of 0.5 V for 2 hours prior to data acquisition. Dry hydrogen 
was fed into anode in a dead ended mode with a pressure of 20 kPa, while 
oxygen was diffused by free convection from the surrounding air at room 
temperature (T = 25°C) with a relative humidity of 60%.  
 For comparison, parallel experiments were performed on commercial 
Pt/C catalyst purchased from Alfa Aesar (HiSPEC 4000, 40 wt% Pt supported 
(a) 
(b) 
Figure 4.1 (a) Schematic illustration of the experimental setup for air-breathing 
PEMFC testing. (b) Two open cathode designs: Oblique slit (left) and Circular 
opening (right) 
 




on Carbon Black), which is labelled as Pt/C-Com in the following text and 
figures and was used as a reference to compare with Pt/CA-CB.  
 
4.3 Physical and chemical properties of the catalyst 
 The TEM images in Figure 4.2 show that both commercial catalyst 
Pt/C-Com (Figure 4.2a) and Pt/CA-CB (Figure 4.2b) have good Pt distribution 
with particle size between 2 and 6 nm (Figure 4.2c). The average particle sizes 
for Pt/CA-CB and Pt/C-Com are very similar, 3.9 and 4.0 nm respectively. 
 
 XRD patterns of the above two samples are compared in Figure 4.2d. 
The peaks at 2θ values of about 39.8°, 46.3°, 67.6°, and 81.5° are 
characteristic of face-centred cubic (fcc) crystalline Pt, ascribed to (111), (200), 
(c) (d) 
Figure 4.2 Size distributions of Pt nanoparticles supported on Vulcan XC72R: (a) 
TEM image of commercial catalyst Pt/C-Com; (b) TEM of Pt/CA-CB. (c) 
Histograms of particles size distribution derived from TEM studies of Pt/CA-CB 
(blue) and Pt/C-Com (red). (d) X-ray diffraction patterns of Pt/CA-CB (blue) and 
Pt/C-Com (red). 
(a) (b) 




(220), and (311) respectively. The Pt particle size calculated from the Pt (220) 
peak width using the Scherrer equation are about 3.8 and 4.1 nm for Pt/CA-
CB and Pt/C-Com, respectively, in close agreement to the TEM measurements. 
It is important to note that Pt/CA-CB has much more intense C (002) peak at 
25°, indicating better graphitic structure of CA-CB as compared to XC-72 
without citric acid treatments. The high crystallinity of carbon is significantly 
important for good corrosion resistance and hence the long life span of the 
PEM Fuel cell Pt/C catalysts [20].  
 Citric acid functionalization method modifies the surface of 
carbon blacks with hydroxyl (–OH), carboxyl (–COOH) and carbonyl (–CO) 
surface groups. FT-IR spectra in Figure 4.3 indicate evident carbonyl, 
carboxyl and hydroxyl bands in the regions 1300 – 1700 cm-1 and 3300 – 3600 
cm-1 for Pt/CA-CB and CA-CB, which are almost negligible on Pt/C-Com and 
as-purchased XC72R. These functional groups can be also attached onto 
carbon materials using chemical oxidation methods that use oxidizing 
chemicals or acids such as HNO3, KMnO4, H2O2 and H2SO4, however these 
methods often require prolonged (usually 4–48 h) heating during the oxidation 
process [21-23], and the filtration and washing process to remove residue 
oxidants is also time consuming. In contrast to the conventional surface 
oxidation methods, citric acid funtionalization is simple and fast without 
prolonged heating, and does not require filtration and washing for removal of 
residue. Citric acid will decompose to carbon dioxide and water when heated 
above 175°C at atmospheric pressure, thus citric acid modification method 
does not require any removal process for residue reactant. Citric acid molecule 
contains three carboxylic groups and one hydroxyl group, during the heating 
process, the citric acid molecules that adsorbed on carbon blacks will partially 
decompose into carboxylic and hydroxyl functional groups that attached to the 
carbon surface, while those citric acid molecules that are not in contact with 
the carbon surface will decompose to carbon dioxide and water. It is 
favourable to maximize the contact of citric acid with the surface of carbon 
blacks while retaining some water to prevent citric acid from crystallizing and 
separate from the mixture, hence forming a paste that contains only a 
minimum amount of water and rapidly transfer into a furnace preheated at 




300oC are deemed as effective approach to optimize the functionalization 
process. 
 
 The presence of functional groups on CA-CB can greatly increase the 
dispersion of the carbon support in water as demonstrated in Figure 4.4. On 
the other hand, XC72R carbon blacks cluster together and separate from the 
water. The fast dispersion of CA-CB in water indicates that CA-CB is more 
hydrophilic than its untreated counterpart.  
 
Figure 4.4 Comparison of the dispersion of 10 mg of citric acid treated XC-72R 
(CA-CB) and as-purchased Vulcan XC-72R (CB) in de-ionized water after 
ultrasound treatment for 30s. 
Figure 4.3 Infrared transmittance spectra of supported Pt/C catalysts and carbon 
supports: [1] As-purchased Vulcan XC-72R, [2] Pt/C-Com, [3] CA-CB, and [4] 
Pt/CA-CB. 
 




 The CV curves for Pt/CA-CB and Pt/C-Com in Figure 4.5 are almost 
the same. The peak at 0.123 V and the shoulder at 0.181 V are attributed to the 
desorption charge of Hads on Pt(110) sites, while the peak at 0.243 V is 
assigned to the desorption charge of Hads on Pt(100) [24]. Using the hydrogen 
monolayer adsorption charge of 0.210 μC.cm-2 on smooth Pt surface, 
electrochemical active area (EAA) for the catalysts were calculated from the 
area enclosed by the hydrogen adsorption and desorption peaks in the CV 
curves. The EAA of Pt/CA-CB is calculated to be 53.8 m2.g-1, only slightly 
larger than 45.8 m2.g-1 of Pt/C-Com. 
 
 
 The physical and electrochemical properties of the two samples 
obtained from TEM, XRD and CV studies are summarized in Table 4.1, 
showing that Pt/CA-CB and Pt/C-Com have similar average Pt particle size 
and similar EAA, nevertheless Pt/CA-CB possesses a lot more functional 





Figure 4.5 Cyclic voltammtry (CV) curves of the Pt catalysts supported on the 
commercial carbon, Pt/C-Com and the Pt on citric acid modified catalyst Pt/CA-CB. 




Table 4.1 Physical and electrochemical properties of the 40 wt% Pt/CA-CB and 40 wt% 
Pt/C-Com. 
 
Particle size from 
TEM [nm] 




Pt-CA-CB 3.94 ± 0.06 3.79 ± 0.04 53.8 ± 2 
Pt/C-Com 3.99 ± 0.05 4.14 ± 0.02 45.8 ± 3 
 
4.4 Performance evaluation of the Air breathing PEM fuel cells 
 Figure 4.6a displays the polarization curves of the four AB-PEMFCs 
using different catalyst (i.e. Pt/CA-CB (■) or Pt/C-Com (▲)) and electrolyte 
membrane (i.e. NRE 211 (green and pink in colour) or NRE 212 (blue and red 
in colour)). When the thin membrane NRE 211 is used, the performance of 
Pt/CA-CB is slightly better than Pt/C-Com, with maximum power density of 
101.3 mW.cm-2 at 0.41 V vs. 96.2 mW.cm-2 at 0.38 V (see Figure 4.6b). This 
result is consistent with the similar Pt dispersion and electrochemical 
properties of the two catalysts. When the thick membrane NRE 212 is used the 
performance of Pt/C-Com/NRE212 is getting worse as compared to that of 
Pt/C-Com/NRE211, particularly at low cell potential and high current density 
region (V < 0.5 V and I > 150 mA.cm-2, the mass transport region). The 
maximum power density is 102.8 mW.cm-2 at 0.40 V for Pt/CA-CB vs. 83.3 
mW.cm-2 at 0.43 V for Pt/C-Com. All preparation and testing conditions are 
identical in the two series of experiments, except for the thickness of the 
membranes, which is 50 μm for NRE 212 and 25 μm for NRE 211.  





 Water transport and distribution are critical for PEM Fuel Cells, in 
particular for air-breathing self-humidifying PEM fuel cells. An appropriate 
humidity condition not only can improve the performances and efficiency of 
the fuel cell, but can also prevent irreversible degradation of the catalyst and 
the membrane. The water content in the MEA can be affected by two 
processes during the fuel cell operation: (a) electro-osmotic drag as the result 
of protons moving from anode to cathode, which pull water molecules along 
with them and may leave the anode side of the electrolyte dried; and (b) back 
diffusion from cathode to anode, driven by the water-concentration gradient 
(b) 
(a) 
Figure 4.6 (a) Polarization curves of the Pt/CA-CB and Pt/C-Com catalysts on the 
AB-PEMFC Stack with oblique slit cathodes (see schematic diagram in inset) 
employing the Nafion© membrane NRE 212 (■ and ▲) and NRE 211(■ and ▲) 
respectively. Solid lines are the corresponding fits for the experimental data. (b) 
Power densities curves of the four MEAs consisting of Pt/CA-CB and Pt/C-Com 
with NRE212 and NRE211 respectively. 
 




across the membrane due to the water production at the cathode. The former 
one is proportional to the proton flow and thus increases with increasing 
current density while the latter usually predominates, decreasing with 
increasing the membrane thickness. The experimental results with NRE 211 in 
Figure 4.6a and Figure 4.6b have shown that self-humidification without 
external humidifiers for both hydrogen and air works fine with both Pt/C-Com 
and Pt/CA-CB, nevertheless the back-diffusion is obviously weakened with 
NRE 212 where its thickness is twice of NRE 211. On one hand this may 
avoid water flooding and pore blocking, but on the other hand the net water 
loss in the anode region may result in poorer fuel cell performance. In this 
scenario the hydrophilic property and better water retention capability of 
Pt/CA-CB can compensate the water loss at the anode and maintain the high 
performance of the catalyst as indicated in Figures 4.6a and 4.6b.  
 The above data were collected with oblique slit open cathode and GDL 
being composed of 30 wt% PTFE. To further study the effect of catalyst self-
humidifying on the fuel cell water management, alternative open cathode 
design: circular opening design is used for the comparison. Both designs were 
manufactured with the same opening ratio of 47 % [19], however circular 
opening design has a shorter rib distance and smaller hydraulic diameter 
compared to the oblique slit design. A narrower ribbed cathode channel is 
shown to have a better oxygen distribution while a smaller hydraulic diameter 
could increase the mass transfer coefficient. Hence circular opening design has 
been proven to perform better than the oblique slit design [19]. This is true for 
Pt/CA-CB too. 
 Polarization curves obtained from the AB-PEMFC with circular 
opening cathodes, NRE212 membrane and 30 wt% PTFE GDL are presented 
in Figure 4.7a. The performance is better when the circular opening cathodes 
are used instead of oblique slit cathodes. Pt/CA-CB exhibits the highest output 
power density 204.4 mW.cm-2 at 0.45 V compared to 194.2 mW.cm-2 at 0.45 
V for Pt/C-Com, both of which are much better than those with oblique slit 
cathodes in Figure 4.6b: 102.8 mW.cm-2 at 0.40 V for Pt/CA-CB and 83.3 
mW.cm-2 at 0.43 V for Pt/C-Com. The improvement by using circular opening 




design is more evident for Pt/C-Com because the more efficient oxygen 
diffusion (hence more water production at cathode) with the circular opening 
design can enhance the water back-diffusion which is weakened due to the use 
of thick membrane NRE212. In Figure 4.7b the data for ElectroChem 
electrodes is also displayed as a reference. Its maximum power density is 











 The amount of PTFE content in the GDL can greatly affect the water 
transportation and diffusion and hence the fuel cell performance. In Figure 
4.8a the polarization curves of the MEAs using GDL with 10 wt% PTFE (and 
Figure 4.7 (a) Polarization curves of Pt/CA-CB and Pt/C-Com with circular opening 
cathodes, NRE212 membrane and 30 wt% PTFE GDL. The data obtained from 
ElectroChem Pt/C catalysts under identical conditions are included as a reference. (b) 
Power density curves of Pt/CA-CB and Pt/C-Com with circular opening cathodes, 
NRE212 membrane and GDL with 30 wt% PTFE. 
 




NRE212, Circular opening cathode) have shown significantly lower current 
density than those using GDL with 30 wt% PTFE, including Pt/CA-CB-
30%PTFE, Pt/C-Com-30%PTFE and Electro-Chem. This is due to lesser 
amount of hydrophobic pores that function as the water removal channels in 
the GDLs with 10 wt% PTFE. In this case the hydrophilic characteristic of 
Pt/CA-CB is not favourable when the water removal capability of the GDL is 
lower. The MEA prepared with Pt/CA-CB and 10 wt% PTFE GDL has a 
slightly lower performance (166.1 mW.cm-2 at 0.45 V, see Figure 4.8b) 
compared to that with Pt/C-Com and 10 wt% PTFE GDL (169.9 mW.cm-2 at 
0.45 V, see Figure 4.8b). This clearly demonstrated that to enhance the 
performance of MEA in AB-PEMFC, the hydrophilic/hydrophobic properties 
for both catalyst layer and GDL have to be adjusted to obtain an optimum 
performance. 
 
Figure 4.8 (a) Polarization curves of Pt/CA-CB and Pt/C-Com fabricated on GDL 
with 10% PTFE (using NRE212 and circular opening cathode). (b) Power densities 
curves of Pt/CA-CB and Pt/C-Com fabricated on GDL with 10% PTFE (using 
NRE212 and circular opening cathode). 




4.5 Mathematical analysis of the Air breathing PEM fuel cells 
 The polarization curve of a PEM fuel cell can be described by the 
analytical expression: 
𝑉 = 𝐸𝑟 − 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚 − 𝜂𝑐𝑜𝑛𝑐      (4.1) 
where 𝐸𝑟  (V) is the reversible potential for the cell, 𝜂𝑎𝑐𝑡  the activation 
overpotential, 𝜂𝑜ℎ𝑚  the ohmic overpotential (both ionic and electronic) and 
𝜂𝑐𝑜𝑛𝑐  is the concentration overpotential. These overpotentials can be 
expressed as function of current density [25], i.e. 
𝜂𝑎𝑐𝑡 = 𝑏 log10 �𝑖+𝑖𝑙𝑜𝑠𝑠𝑖0 �        (4.2) 
𝜂𝑜ℎ𝑚 =  𝑟. 𝑖         (4.3) 
𝜂𝑐𝑜𝑛𝑐 = 𝑚. 𝑖. 𝑒𝑛.𝑖                   (4.4) 
where      𝑏 = 2.3𝑅𝑇
𝛼𝐹
         (4.5) 
𝑖0  (mA.cm
-2) is the exchange current density, 𝑏  (V.(decade)-1) the Tafel 
parameter, 𝑟 (Ω.cm2) the total cell internal resistance, 𝑖𝑙𝑜𝑠𝑠 the internal current 
density loss (mA.cm-2), 𝛼 the transfer coefficient, 𝑅 (8.314 J.mol-1.K-1) the gas 
constant, 𝐹  the Faraday (96,485 C.mo1-1) constant and 𝑇  (K) is the 
temperature. Fitting parameters m (Ω.cm2) and n (cm2.mA-1) are empirical 
curve-fitting parameters for the exponential voltage drop observed in high 
current density region. 
 A modified logarithmic charge transfer overpotential fitting term 
(Equation 4.2), incorporating a fitted exchange current density as well as a 
fitted internal cell current density as proposed by Fraser was utilized here [26]. 
A modification of the concentration overpotential term proposed by Kim et al. 
by multiplication of the current density (Equation 4.4) is implemented in this 
study [27]. The modification on the concentration overpotential term is 
corrected according to the considerations suggested by Xia et al. that the mass 
transport losses should occur in all range of current density and should be 
proportionally dependent on current density [28].  




 Combining Equation 4.1 to 4.4, a semi-empirical current voltage 
equation is obtained:  
𝑉 = 𝐸𝑟 − 𝑏 log10 �𝑖+𝑖𝑙𝑜𝑠𝑠𝑖0 � − 𝑟. 𝑖 − 𝑚. 𝑖. 𝑒𝑛.𝑖     (4.6) 
and when i = 0, this gives the open circuit potential, 
 𝐸𝑜𝑐𝑣 = 𝐸𝑟 − 𝑏 log10 �𝑖𝑙𝑜𝑠𝑠𝑖0 �       (4.7) 
 For the analysis of the polarization curves, another kinetic parameter, 
the mass transfer impedance (Rm) is implemented and the equation takes the 
form:  
𝑅𝑚 =  𝜂𝑐𝑜𝑛𝑐/𝑖 = 𝑚. 𝑒𝑛.𝑖       (4.8) 
 Since the fitting parameters m and n are not derived from any physical 
or chemical consideration, it makes more sense to discuss the mass transfer 
impedance as the parameter is capable of describing the exponential voltage 
drop in the polarization curve.  
 A non-linear least square method is employed to fit the polarization 
curves (solid lines in Figure 4.6a) to the semi-empirical current voltage 
equation. The fitted parameters are given in Table 4.2 and Table 4.3. The 
correlation coefficient obtained from the non-linear least square fitting is in 
excess of 0.99.  
 
Table 4.2 Electrode-kinetic and mass-transfer parameters for MEAs tested using 
oblique slit cathodes. Same GDL with 30% PTFE content was used for all MEAs. 
 Er Eocv b iloss  i0 r m n R-sq 
 




1.10 0.932 0.0595 0.790 1.044 1.473 0.00007 0.019420 0.9995 
Pt/C-Com 
with N212 
1.09 0.932 0.0554 0.787 1.019 1.987 0.00160 0.000896 0.9972 
Pt/CA-CB 
with N211 
1.10 0.884 0.0651 1.802 0.999 1.384 0.02434 0.004400 0.9997 
Pt/C-Com 
with N211 
1.05 0.845 0.0608 1.964 0.982 1.273 0.00301 0.000003 0.9979 
 




Table 4.3 Electrode kinetic and mass transfer parameters for MEAs tested using 
circular opening cathodes. NRE 212 was used for all MEAs. 
  Er Eocv b  iloss  i0 r m n R-sq 
[V] [V] [V/dec] [mA/cm2] [μA/cm2] [Ω.cm2] [Ω.cm2] [cm2mA-1] 
Pt/CA-CB on 
GDL with 30% 
PTFE 
1.08 0.900 0.0589 0.968 1.040 0.513 0.00052 0.01244 0.9962 
Pt/C-Com on 
GDL with 30% 
PTFE 
1.08 0.922 0.0550 0.950 1.057 0.692 0.00004 0.01641 0.9985 
Pt/CA-CB on 
GDL with 10% 
PTFE 
1.10 0.912 0.0651 0.933 1.042 0.519 0.00437 0.01142 0.9961 
Pt/C-Com on 
GDL with 10% 
PTFE 
1.10 0.929 0.0575 0.900 1.000 0.690 0.01020 0.00785 0.9989 
ElectroChem 
electrodes 
1.09 0.911 0.0629 0.739 0.997 0.632 3×10-6 0.02407 0.9932 
 
 The temperature dependent theoretical reversible potential for the cell 
is given by Eq. 8 [29, 30]:  
𝐸𝑟 = 1.229 − 8.5 × 10−3(𝑇 − 298.15) + 𝑅𝑇2𝐹 ln [𝑝𝐻2�𝑝𝑂2�0.5]           (3.9) 
where 𝑝𝐻2 and 𝑝𝑂2 are the partial pressure of H2 and O2. At T = 298.15 K, 𝐸𝑟= 
1.221 V, which is about 0.1 V higher than the fitting results (ca. 1.1 V, from 
Table 4.2 and Table 4.3). This might be due to the increment of the cell 
temperature during the measurements especially at high current densities; the 
cell temperature might rise to ca. 40 °C. If T = 313.15 K (i.e. 40 °C) is 
substituted in Eq. 3.7, the theoretical reversible potential will be 1.093 V and 
the fitted 𝐸𝑟 for the MEAs are very close to this figure. Tafel slopes for the 
MEAs are well within the range reported in the literature from 0.052 
V.(decade)-1 to 0.096 V.(decade)-1 [26-28, 31, 32]. The value of 0.06 
V.(decade)-1, which is a typical low Tafel slope value, corresponds to a regime 
where O2 reduction occurs on a Pt-oxide covered surface [33], as a 
consequence of low current density due to low temperature and humidification. 
The fitted internal current density loss iloss is similar to what have been 
reported in the literature [34-36], which are in the range of 1 to 2 mA.cm-2. 
The fitted open circuit voltage (OCV) for the MEAs also gives close value to 
the actual OCV measured. From the comparison of the results reported in the 
literature to the parameters in Table 4.2, it is justified to conclude that the 




parameters obtained through numerical fitting using the semi-empirical current 
voltage equation are reasonable representatives of the cell’s electrochemical 
properties. All MEAs have similar reversible potential Er, open circuit 
potential EOCV, exchange current density io and Tafel slope b, showing that 
electrochemically and the catalyst utilization rate are similar and the difference 
in their performance is mainly attributed to the physical properties. Exchange 
current density for PEMFC was reported in the literature ranging from 1×10-4 
A.cm-2 to 4.84 ×10-8 A.cm-2 while the exchange current densities io of the 
MEAs obtained from the numerical procedure are around 1.0×10-6 Acm-2 [37-
42], which is in the lower side of the above mentioned io range in literature. 
This is reasonable as the polarization curves are obtained from AB-PEMFC 
operating at room temperature, and the low ambient temperature and oxygen 
flux are the causes of smaller exchange current density [33]. The iloss for 
MEAs with NRE 211 is about double of the MEAs with NRE 212 ( 1.8 
mAcm-2 vs. 0.8 mAcm-2). This is consistent with the fact that NRE 212 is 
twice as thick as the NRE 211 and thus able to reduce the crossover of H2 that 
contributes to the internal current losses. The fitted resistance r of the cells 
ranging from 0.5 to 2 Ωcm2. For the MEAs using the oblique slit cathode, the 
resistance for Pt/CA-CB is around 1.38-1.47 Ω.cm2, similar to what have been 
reported by D. Chu et al. [43], i.e. 1.33 Ω.cm2 for a 32-cm2 cell operating at 
30°C and 50% relative humidity. The Pt/C-Com with NRE212 has the largest 
resistance r (1.987 Ω.cm2), in agreement with the least water content in the 
membrane due to poor back-diffusion and low humidification.  
 The effect of the hydrophilic catalyst Pt/CA-CB on the performance 
improvement is reflected on the lower resistance of the cell than their 
counterpart catalyst Pt/C-Com (1.473/1.987; 0.513/0.692; 0.519/0.690 in 
Tables 2 and 3). That is, the ability to retain water in the catalyst layer could 
reduce the internal resistance of the cell. The ohmic overvoltage could be 
written as: 
𝜂𝑜ℎ𝑚 = 𝑟. 𝑖 = �𝑟𝑒𝑙 + 𝑟𝑖𝑜𝑛�. 𝑖               (3.10) 
The electronic resistance 𝑟𝑒𝑙  is negligible while the ionic resistance 𝑟𝑖𝑜𝑛 
depends greatly on the degree of humidification of the membrane and catalyst 




layer [44-47], the dynamic electro-osmotic drag and the back diffusion 
processes of water. In Table 4.2, which lists the electrode kinetic parameters 
for the MEAs with oblique slit cathodes, the resistance of the MEA using 
commercial Pt/C-Com and NRE211 is 1.273 Ω.cm2. When NRE 212 is used 
the resistance of the Pt/C-Com MEA is increased to 1.987 Ω.cm2. The 
increment in the resistance can be attributed to the increase of the membrane 
thickness (from 25.4 μm for NRE 211 to 50.8 μm for NRE 212) that impedes 
the back diffusion of water. The decrease in water content in the membrane 
and catalyst layer caused the drop in ionic conduction and reflects as increase 
in the cell resistance. On the other hand, the MEA resistance of the catalyst 
Pt/CA-CB with NRE 212 is about 1.473 Ω.cm2, which only increased about 
6.4 % from 1.384 Ω.cm2 when NRE 211 is used for the MEA. This 
demonstrated the water retention ability of the Pt/CA-CB catalyst is able to 
maintain a higher ionic conductivity compared to Pt/C-Com when a thicker 
membrane is used. When a thinner membrane is used, the performance of 
Pt/C-Com and Pt/CA-CB are similar, since a thinner membrane would be 
beneficial for water back diffusion and would facilitate the hydration of the 
membrane and thus the advantage of using a hydrophilic catalyst does not 
prevail [45, 46].  
 When the circular opening design is used for the cathode, the cell 
resistance for the MEAs in Table 4.3 is significantly smaller than those using 
oblique slit cathodes, in the range between 0.513 and 0.69 Ω.cm2. The 
reduction in the cell resistance is due to greatly improved diffusion and 
transportation of oxygen. As a result more water generation as well as more 
water transport by proton from anode (electro-osmotic water drag) would 
hydrate the membrane and catalyst layers, lowering the ionic resistance [47]. 
The experimental results in reference indicated that when the cathode is not 
humidified, at high current densities the net electro-osmotic drag coefficient 
(net number of water molecules carried by each proton) showed larger value 
[47]. For the cells with the circular opening cathode (higher current density 
than oblique slit cathode), water dry-out in the anode region may occur, and 
using the self-humidifying Pt/CA-CB as catalyst can retain more water and 
hence producing cell with lower resistant than that with Pt/C-Com.  




 When GDLs with less PTFE loading (10 wt% vs. 30 wt%) are used in 
the MEAs, larger mass-transfer impedance is seen in Figure 4.9, particularly in 
high current densities. This is in agreement with experimentally observed 
large potential drop in the high current density region due to the use of GDLs 
with 10 wt% PTFE. This is a consequence of flooding in the electrodes due to 
less hydrophobic pores that allows transport of oxidant to the reaction sites. In 
this case the performance of Pt/CA-CB is worse than Pt/C-Com since the 




 In summary, a 40 wt% Pt/C catalyst, Pt/CA-CB prepared by using 
citric acid functionalized carbon black (CA-CB) as the support shows effective 
self-humidifying property in AB-PEMFC. Pt/CA-CB has similar physical and 
electrochemical properties to commercial catalyst Pt/C-Com, but has highly 
hydrophilic property and exhibits excellent performance in air breathing 
PEMFC stack. When thin polymer membrane NRE211 is used as the solid 
electrolyte, Pt/CA-CB and Pt/C-Com show little difference in the fuel cell 
performance, however when thicker polymer membrane (NRE212) is used as 
electrolyte, Pt/CA-CB-NRE212 gives a power output of 102 mW.cm-2, which 
Figure 4.9 Mass-transfer impedance for the polarization curves of AB-PEMFC with 
circular opening design. 




is 23.4% higher than that made of the commercial catalyst Pt/C-Com-NRE212 
under similar testing conditions. This result is particularly useful when it 
applies to a working environment with low ventilation and requires a much 
more durable cell that inevitably requires a thicker membrane. Under better 
oxygen transport conditions using an improved cathode design (circle 
opening), the MEA with the combination of Pt/CA-CB, NRE212 and GDL 
with 30 wt% PTFE shows an even higher performance, with 204 mW.cm-2 at 
0.45 V, better than that of Pt/C-Com, NRE212 and GDL with 30 wt% PTFE 
(191 mWcm-2 at 0.40 V). Mathematical analysis of the polarization curves 
with semi-empirical current voltage equations reveals that self-humidifying 
Pt/CA-CB catalyst possesses high water retention capability and is able to 
maintain the hydration level of the membrane that reduces the internal cell 
resistance. This result is especially useful for portable applications of PEMFC, 
in which self-humidification and air-breathing are essentials, and it has 
potential commercial value, since the CA modification approach is simple, 
effective and of low cost. 
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 In this chapter the preparation and characterization of metal-carbon 
nanocomposites (NiRuC, FeRuC, and CoRuC) with bimetallic Ni-Ru, Fe-Ru, 
and Co-Ru nanoparticles incorporated into the pore walls of ordered 
mesoporous carbon are presented. Pt nanoparticles were deposited on the 
nanocomposites separately, which is different from traditional alloying 
method. The Nitrogen adsorption, X-ray diffraction, X-ray photoelectron 
spectroscopy, transmission electron microscope, and thermogravimetric 
analysis techniques were used to characterize the materials. It was found that 
bimetallic nanoparticles (Ni-Ru, Fe-Ru, and Ru-Co) are homogenously 
dispersed in carbon matrix and Pt nanoparticles with a size of less than 5 nm 
are highly distributed within the nanocomposites. Pt/CoRuC catalyst shows 
the best catalytic activities for MOR than Pt on FeRuC and NiRuC and its 
performance is also closer to the commercial PtRu catalyst that has a slightly 
higher metal loading. Kinetic-based impedance model was used to simulate 
the electrochemical properties of the catalysts and matches well with the MOR 
performance of the catalysts. The promotional effect of the bimetallic/carbon 
nanocomposites on the catalytic activity of Pt catalysts was evident, and more 
importantly, charge transfer effect as the main factor of enhancement was 
demonstrated by the results. This investigation not only provides further 
insight on the roles of Fe, Ni and Co in MOR, but also assists the design and 









5.1 CO Poisoning in DMFCs 
 Direct methanol fuel cells (DMFCs) are electrochemical devices that 
oxidize methanol at the anode and reduce oxygen from air at the cathode to 
produce electricity. DMFCs using renewable liquid methanol as fuel have 
some advantages such as safe storage and transportation, high energy density, 
low weight, and compact system. As an electrode material in DMFCs, it is 
known that pure Pt is not efficient due to poisoning of adsorbed CO (COads) 
intermediates during the electrochemical reaction, and the modification of Pt 
with foreign metals could increase the “CO tolerance” of the Pt electrocatalyst 
as well as the catalytic activity of methanol oxidation reaction (MOR). It is 
broadly accepted that addition of Ru to Pt catalyst with various nanostructures 
could enhance the CO tolerance and activity for MOR. It has been reported 
that three-dimensional PtRu nanodentrites [1], Ru-decorated Pt nanoparticles 
[2], Pt-decorated Ru nanoparticles [3], Pt sputtered on Ru thin films [4], Ru-
modified Pt [5], mesoporous microspherical PtRu alloy [6], Ru-Pt nanotubes 
[7], Pt/RuO2•xH2O/carbon nanotube nanocomposite [8], nanoporous Pt-Ru 
network [9, 10], and Pt/RuO2 nanorods [11] as bimetallic catalysts exhibited 
improvement of electrocatalytic property in MOR. 
 Although Ru is the most effective metal for improving the CO 
tolerance of Pt catalysts for MOR, as a precious metal, Ru is relatively high 
cost and low in production, the development of Pt-Me (Me = Ni, Co, Fe, Cu, 
Mo, Sn etc.) catalytic systems showing similar promoting effect for MOR 
should be beneficial as low-cost alternative catalysts. For examples, Page et al. 
[12] found that Pt-Co catalysts were better catalysts for MOR than Pt and 
other transition metal alloy Pt-Ni, Pt-Fe, and Pt-Cu catalysts. Uchida et al. [13] 
conducted CO tolerance test with Pt-Co and concluded that the CO tolerance 
of Pt-Co catalyst is superior to Pt. The CO tolerance of Pt-Co catalysts was 
enhanced because the incorporation of Co on Pt modified the electronic 
structure of the catalyst and resulted in much slower CO adsorption rate on Pt-
Co alloys than that of pure Pt [13]. The efficiency of CO2 formation on the Pt-
Co alloy catalysts was clearly superior compared with Pt, which is related to 
the decrease in the CO adsorption energy due to downward shift of Pt d-band 




centre after the addition of Co [14]. Yang et al. [15] also reported that Pt3Co 
nanocubes showed enhanced rates of MOR compared with Pt alone because of 
a decrease of the platinum d-band centre from alloying with cobalt, leading to 
weaker and slower CO adsorption. Similar slow CO adsorption was also 
detected with Pt-Ni alloy catalysts [16]. Kim et al. [17] found that the 
electronic structure of Pt could be modified by Ni due to the charge transfer 
from Ni to Pt, resulting in a weakened CO adsorption on PtNi surface. Pt 
alloys such as Pt-Mo and Pt-Sn catalysts with high CO tolerance have also 
been intensively investigated for MOR [18-23]. Besides bimetallic catalysts, 
trimetallic Pt-Ru-Co nanoparticles were also synthesized and the catalyst was 
found to enhance catalytic activity towards methanol oxidation compared to 
Pt-Ru bimetallic nanoparticles [24]. Recent research have found that tuning 
the surface electronic structure of Pt via metals (Ni, Co, Fe, and Ti) is 
substantially responsible for the high activity [25-27]. Thus, various 
compositions of ternary Pt-Ru-M/C composites (M = Ni, Co, Fe, or Au) were 
developed and further investigated as catalysts for MOR [24].  
 The catalyst support also plays an important role in the performance of 
the catalysts. Identical location transmission electron microscopy (ILTEM) 
investigations on the degradation mechanism of Pt/C electrocatalysts with 
different carbon supports revealed that the improved properties of the catalyst 
with transition metal modified support are due to a stabilization of the Pt 
particles attached to the support. Particle detachment thus can be drastically 
reduced and the degradation is limited to a migration and coalescence or 
sintering mechanism [28]. Novel supports such as carbon nanotubes were used 
as the support of Co@Pt-Ru core-shell nanoparticles and the resulting catalyst 
shows good electrocatalytic performance towards MOR [29]. Nitrogen-doped 
nanostructures (nanospheres, nanofibers and nanotubes) were demonstrated to 
have excellent electronic properties [30], and they are also an excellent Pt and 
Pt-alloy support for methanol oxidation [31, 32]. Efficient support materials 
can also be prepared from template synthesis method as well, for example 
sandwiched Ru/carbon nanocomposite prepared using template strategy was 
deposited with Pt nanoparticles and the catalyst shows excellent performance 
for MOR [33]. Template strategy has been widely used to prepare 




nanostructured carbon and carbon-metal composites as supports for 
electrocatalysts [34-40]. Template methods have several advantages over 
conventional carbon support such as carbon black and activated carbon. For 
instance, using template synthesis methods, it is possible to tune the pore 
structure, pore size, and pore surface properties of the nanostructured carbon. 
The ordered mesoporous carbon (OMC) obtained from this method has high 
specific surface area and a large pore volume, which for a higher dispersion of 
platinum nanoparticles and thus results in the improvement of the catalytic 
activity [41].  
 Herein, we comparatively investigate the effects of Ru, Fe, Ni, and Co 
nanoparticles incorporated in OMC matrices on the electrochemical properties 
of Pt catalysts in MOR. The introduction of these metal nanoparticles within 
the OMC pore walls was conducted via sucrose-impregnation and chemical 
vapour deposition (CVD) methods. As shown in Figure 5.1, ordered 
mesoporous silica SBA-15 template is first impregnated with a given metal 
precursors (Ru, Fe, Ni, and Co) to form metal oxides within the pore channels 
of SBA-15. Then, infiltration of carbon precursor (sucrose) in the silica pores 
via impregnation method leads to the formation of the metal/carbon/silica 
composites. Removal of the silica template will yield the metal/carbon 
nanocomposites that are incorporated with metal nanoparticles (Ru-Fe, Ru-Ni, 
and Ru-Co). Finally, Pt nanoparticles are deposited on these nanocomposites 
to form trimetallic Pt catalysts by impregnation followed by hydrogen 
reduction at a moderate temperature. The metal-doped OMC approach was 
adopted here to investigate the effect of different metal-carbon hybrid supports 
on MOR.  






5.2 Preparation and characterization of the catalysts 
5.2.1 Preparation of the supports 
5.2.1.1 Ordered mesoporous carbon 
 Ordered mesoporous carbon (OMC) was synthesized using sucrose-
impregnation method as reported previously [42]. First, 1.0 g of SBA-15 was 
added to a solution containing 1.3 g of sucrose, 0.13 g of H2SO4, and 4.0 mL 
of H2O. The mixture was dried in an oven at 100oC for 6 h and subsequently at 
150oC for 6 h. Then, the obtained sample was added in the solution of 0.8 g of 
sucrose, 0.08 g of H2SO4, and 3.0 mL of H2O, and dried again at 120oC for 6 h. 
Subsequently, the sample was carbonized at 900oC for 3 h in purified N2 gas 
and finally, the black sample was treated with a 10 % HF solution to remove 
the silica template, washed with deionized water, and then vacuum-dried at 
100oC overnight. 
5.2.1.2 RuC 
 0.20 g ruthenium chloride (RuCl3•xH2O, ~ 41wt% Ru basis, Aldrich) 
were dissolved into 4.0 mL deionized water, mixed with 1.0 g of silica SBA-
15, then dried in air at 120oC for 3 h, and further calcined at 300oC for 3 h to 
form a Ru-silica composite. Then the procedure of 5.2.1.1 section was 
repeated to produce a black coloured Ru-carbon composite, which is denoted 
as RuC. 
Figure 5.1 An illustration scheme of the nanostructured trimetallic Pt catalyst 
preparation procedure. (a) Pristine SBA-15 template, (b) SBA-15 template 
impregnated with a metal precursor, (c) infiltration of carbon precursor in the silica 
pores, (d) carbon matrices with metal particles (metal-doped OMC) after the 
removal of SBA-15, (e) Pt deposition on the metal-doped OMC. 





 0.15 g ferric nitrate (Fe(NO3)3•9H2O, Sigma-Aldrich, 98%) and 0.10 g 
ruthenium chloride were dissolved into 4.0 mL deionized water, then mixed 
with 1.0 g of silica SBA-15. The mixture was then dried in air at 120oC for 3 h, 
and further calcined at 300oC for 3 h to form FeRu-silica composite. The 
procedure of 5.2.1.1 section was repeated to produce a black solid sample, 
namely FeRu-carbon composite, and it is denoted as FeRuC. 
5.2.1.4 CoRuC 
 0.15 g cobalt nitrate (Co(NO3)2•6H2O, Sigma-Aldrich, 98%) and 0.10 
g ruthenium chloride were dissolved into 4.0 mL deionized water, mixed with 
1.0 g of silica SBA-15, then dried in air at 120oC for 3 h, and further calcined 
at 300oC for 3 h to form a CoRu-silica composite. Then repeating the 
procedure of 2.1.1 section to produced a black solid sample, namely CoRu-
carbon composite, which is denoted as CoRuC. 
5.2.1.5 NiRuC 
 0.15 g nickel nitrate (Ni(NO3)2•6H2O, Sigma-Aldrich, 98%) and 0.10 g 
ruthenium chloride were dissolved into 4.0 mL deionized water, mixed with 
1.0 g of silica SBA-15, then dried in air at 120oC for 3 h, and further calcined 
at 300 oC for 3 h to form NiRu-silica composite. Then repeating the procedure 
of 2.1.1 section to produced a black solid sample, namely NiRu-carbon 
composite, which is denoted as NiRuC. 
 
5.2.2 Preparation of Pt catalysts 
 50 mg of platinum (II) acetylacetonate (50 wt% Pt, Aldrich) was 
dissolved into 1.0 mL mesitylene (98%, Aldrich) at 140oC. Then 100 mg of 
the above supports (OMC, RuC, FeRuC, CoRuC, and NiRuC) was added into 
the above mixture and stirred at 140oC overnight until the solution was 
completely evaporated. The mixture was then calcined at 200°C for 5 h in air 
and finally reduced at 300oC within H2 stream (10 mL/min H2 + 20 mL/min 
N2) for 3h. The Pt catalysts obtained with the supports OMC, RuC, FeRuC, 




CoRuC, and NiRuC were denoted as Pt/OMC, Pt/RuC, Pt/FeRuC, Pt/CoRuC, 
and Pt/NiRuC, respectively. 
 
5.2.3 Characterization of the supports and the Pt catalysts 
 The porosity and the pore structure of the supports were investigated 
using physical adsorption of N2 at 77 K on an automatic volumetric sorption 
analyzer (Quantachrome, AUTOSORB 6B). Prior to the measurement, the 
samples were degassed at 150oC overnight under vacuum. The specific surface 
areas were determined according to the Brunauer-Emmett-Teller (BET) 
method in the relative pressure range of 0.05–0.2. The total pore volumes were 
obtained from the volume of nitrogen adsorbed at the relative pressure of 0.99. 
Pore size distribution (PSD) curves were derived from the Barrett-Joyner-
Halenda (BJH) method using the adsorption branches. The pore size was 
estimated from the maximum positions of the BJH PSD curve. The X-ray 
diffraction (XRD) patterns in the Bragg’s angle (2θ) range from 10o to 90o at 
room temperature were collected using a Bruker D8 diffractometer with Cu 
Kα radiation of wavelength λ = 0.1541 nm for identification of the crystalline 
structure and average crystallite size of Pt particles. The tube current and 
voltage were 30 mA and 40 kV, respectively. Thermogravimetric analysis 
(TGA) was conducted on a thermogravimetric analyzer TGA Q500 (Thermal 
Analysis Instruments, USA) in purified air with a flow rate of 100 mL.min-2 
and a temperature ramp rate of 10oC.min-1. The microscopic features of the 
samples were observed with a transmission electron microscope (TEM) 
(Tecnai G2 TF20 S-TWIN, FEI Company) operated at 200 kV. The metal 
content within supports was determined using an inductive-coupled plasma 
mass spectrometer (ICP-MS) on a Perkin-Elmer ELAN6100. X-ray 
photoelectron spectroscopy (XPS) examination of the catalysts was carried out 
on a VG ESCALAB 250 spectrometer (Thermo Electron, Altrincham, U.K.), 
using a non-monochromatized Al Kα X-ray source (1486 eV). The analysis 
chamber was maintained at 1×10-9 Torr during the measurement. High-
resolution spectra of the elemental signals were recorded in 0.05 eV steps with 
pass energy of 20 eV. The calibration of binding energy (BE) of the spectra 




was referenced to the C1s electron binding energy at 284.5 eV. Curve fitting 
was performed using a Shirley-type background and a nonlinear least-square 
fitting tool assuming a Gaussian peak shape. 
 A three-compartment electrochemical cell was used to evaluate the 
electrochemical performances of the catalysts by cyclic voltammetry (CV) at 
room temperature. An Autolab PGSTAT302 was served as the 
potentiostat/galvansotat. The working electrode was fabricated by casting 
Nafion©-impregnated catalyst ink onto a 5 mm diameter vitreous glassy 
carbon disk electrode. 10.0 mg of Pt catalysts was ultrasonically dispersed into 
2.0 mL of 2-propanol containing Nafion© solution (5 wt %, DuPont) for 30 
min to form a catalyst ink; 10 µl of the catalyst ink was transferred onto the 
disk with a micro-pipette and dried at 80°C for 30 min under vacuum. Pt 
gauze and a saturated calomel electrode (SCE) were used as the counter and 
the reference electrode respectively. The cell was immersed in 0.5 M H2SO4 
with or without 0.5 M CH3OH, which was purged with high purity nitrogen 
gas to remove the oxygen in the electrolyte. All reported potentials were 
referenced to SCE. The catalysts were electrochemically cleaned by 
continuous cycling until a stable response was obtained before the cyclic 
voltammograms (50 cycles) were recorded. The electrochemically active 
surface areas of the Pt catalysts were estimated from the charges associated 
with hydrogen adsorption on Pt in the potential range of -0.2 to 0.1 V. The 
baseline of the measurement was extended from the double-layer region of 
each cyclic voltammograms. The electrochemical surface area in cm2 was 
calculated by normalization to the value of 0.21 mC.cm-2, which is the charge 
required to oxidize single layer saturation coverage of hydrogen on flat Pt 
surface. Electrochemical impedance spectroscopy (EIS) of the catalysts was 
measured in 0.5 M H2SO4 and 1.0 M CH3OH solution over the frequency 
range from 105 Hz to 1 Hz at 0.4 V. All measurements were carried out at the 
room temperature. A commercial bimetallic PtRu catalyst supported on carbon 
black (20 wt% Pt, 10 wt% Ru, Johnson Matthey), which is denoted as JM 
catalyst here, was also tested using an identical procedure for a comparison. 
 




5.3 Physical Properties of the supports and Pt catalysts 
 Figure 5.2 shows the N2 adsorption-desorption isotherms and PSD 
curves of all the supports synthesized in this work. It can be seen from Figure 
5.2a that all supports display a type IV isotherm with an H2 hysteresis loop, 
indicating that they are mesoporous possessing relatively uniform mesopores. 
Figure 5.2b presents the PSD curves of all the supports. The PSD peak of 
OMC shows much sharper profile than those of others possibly because the 
introduction of metal precursors within OMC led to the incomplete replication 
of silica template structure for RuC, FeRuC, NiRuC, and CoRuC. The pore 
structure properties of all the supports are compiled in Table 5.1. It is found 
that the pore properties of all the supports fall within a narrow range, i.e. 
surface area (1069–1314 m2.g-1), pore volume (0.93–1.13 cm3.g-1), and pore 
size (2.5–5.1 nm). These are excellent supports for electrocatalyst since it has 
been demonstrated that OMC and metal-OMC nanocomposites with a high 
surface area and mesoporous structure are beneficial for exploring 
fundamental study on novel electrocatalysts [43-48]. TG analysis (Figure 5.3) 
shows that the residual weight for FeRuC, CoRuC, NiRuC, and RuC is 7.1, 
8.3, 7.2, and 7.5 wt%, respectively. The analysis of these supports with ICP 
method found that metal content is 7.0 wt% Ru for RuC, 3.0 wt% Fe and 3.5 
wt% Ru for FeRuC, 3.8 wt% Co and 3.6 wt% Ru for CoRuC, and 3.5 wt% Ni 
and 3.4 wt % Ru for NiRuC, revealing that the total metal loading for these 
supports is within the similar level (6.5–7.4 wt%).  
 
 














OMC 1.18±0.01 1.13±0.01 3.70±0.04 
RuC 1.07±0.01 0.93±0.01 4.00±0.04 
FeRuC 1.25±0.01 1.09±0.01 2.5±0.03, 5.1±0.05 
CoRuC 1.31±0.01 1.08±0.01 2.8±0.03 
NiRuC 1.27±0.01 1.03±0.01 3.0±0.03 
[a] BET surface area. [b] Total pore volume at the relative pressure of 0.99. [c] Pore 
size derived from BJH method. 
 
 The XRD patterns of all the support materials (Figure 5.4) shows that 
there are no visible peaks for the presence of Fe, Co, and Ni species, 
indicating that these metal nanoparticles are too small to be detected with 
Figure 5.2 Adsorption-desorption isotherms (a) and PSD curves (b) of all the 
supports (for clarity, the isotherms of OMC, RuC, FeRuC, and CoRuC, were 
vertically shifted for 350, 350, 150 and 50 cm3.g-1, respectively.). 
 




XRD, consistent with the observation of their TEM images (Figure 5.5) and 
the metals present in the supports existed in the metallic form, especially for 
Ru, although it is hard to know whether the metals are alloyed. The TEM 
images of the supports (Figure 5.5) indicate that all the metal nanoparticles 
with a size of around 2–3 nm are highly dispersed within the mesoporous 




Figure 5.4 XRD patterns of all supports. 
Figure 5.3 Thermogravimetric curves of all the supports. 

















 Figure 5.6 shows the TG curves of Pt catalysts synthesized, together 
with commercial bimetallic JM catalyst (PtRu/C catalyst with 20 wt % Pt and 
10 wt % Ru). It can be seen that complete oxidization of Pt catalysts 
containing Ru synthesized in this work mainly took place in the temperature 
range of 260 – 400oC for Pt/RuC, Pt/FeRuC, Pt/CoRuC, and Pt/NiRuC. The 
(g) (h) 
Figure 5.5 TEM images of RuC (a and b), FeRuC (c and d), CoRuC (e and f), and 
NiRuC (g and h). 
Figure 5.6 Thermogravimetric curves of all the Pt catalysts. 
 




major weight loss occurs in the temperature range from 340 to 500oC for both 
Pt/OMC and JM catalysts. Compared to the Pt supported on Ru-containing 
OMC catalysts, the higher combustion temperature for Pt/OMC is because of 
the de-activation of the metal catalyst by CO produced during the catalytic 
combustion process; nevertheless it is still lower than uncatalyzed combustion 
[49] for OMC shown in Figure 5.3. Compared with Pt/OMC, the combustion 
temperature of JM catalyst is still higher, suggesting that carbon black might 
have a better graphitic structure than OMC thus higher resistance towards 
oxidation. From the TG curves, Pt/RuC, Pt/FeRuC, Pt/CoRuC, and Pt/NiRuC 
seems to be more efficient for the catalytic combustion of the carbon supports. 
The residue in TG curves for catalysts Pt/OMC, Pt/RuC, Pt/FeRuC, Pt/CoRuC, 
and Pt/NiRuC is 18.8, 26.9, 25.1, 26.9, and 27.6 wt%, respectively. Thus, 
considering the presence of non-Pt metals within obtained Pt catalysts from 
the residues of TG curves in Figure 5.3, the Pt loading for Pt/OMC, Pt/RuC, 
Pt/FeRuC, Pt/CoRuC, and Pt/NiRuC catalysts was calculated to be 18.8, 19.4, 
18.0, 18.6, and 20.5 wt%, respectively, showing a similar Pt loading for all 
catalysts. 
 
 The XRD patterns of all the catalyst synthesized and commercial 
bimetallic JM catalyst are shown in Figure 5.7. The diffraction peaks at 2θ 
values of about 39.9°, 46.6°, 67.9°, and 81.7° are ascribed to the facets (111), 
(200), (220), and (311), characteristic of face-centred cubic (fcc) crystalline Pt 
(JCPDS, Card No. 04-0802), suggesting that Pt species were reduced to the 
metallic state in our work. The average size of Pt nanoparticles for Pt/FeRuC, 
Pt/CoRuC, Pt/NiRuC, Pt/OMC, and JM was calculated from Pt(111) peak 
using the Scherrer equation to be ~ 2.1, 2.5, 4.5, 2.9, and 3.8 nm, respectively. 
For Pt/RuC catalyst, Pt nanoparticle size cannot be determined by its XRD 
pattern because its Pt(111) peak is overlapped with Ru(101) peak as shown in 
Figure 5.3 to form a broad peak centred at 40° and thus it is very hard to 
identify Pt(111) as a separate peak. However, the TEM image of Pt/RuC 
revealed the Pt nanoparticle size (see below). 
 







 Figure 5.8 shows the TEM images of all the Pt catalysts. Figure 5.8a 
and 5.8b show TEM images of Pt/OMC catalyst. It can be seen that the Pt 
nanoparticles are highly dispersed within the ordered pore channels of the 
carbon support. The crystal lattice of Pt nanoparticles could be clearly seen in 
Figure 5.8b and the Pt particle size is less than 4 nm, consistent with the above 
XRD result. The TEM images of Pt/RuC catalyst are shown in Figures 5.8c 
and 5.8d. Similarly, Pt nanoparticles together with Ru nanoparticles are 
homogeneously dispersed within carbon matrix and their sizes are mostly less 
than 3 nm although the size of Pt and Ru nanoparticle was unable to obtain 
from their XRD pattern. Compared with TEM image of FeRuC support in 
Figure 5.5c and 5.5d, it is obvious that the size of all metal nanoparticles 
including Pt shown in Figure 5.8e and 5.8f is mostly less than 2.5 nm, which is 
consistent with XRD result in Figure 5.7. For Pt/NiRuC catalyst, the metal 
nanoparticles reveal a slight aggregation in Figure 5.8i and 5.8j, which should 
be due to the conglomeration of Pt nanoparticles compared with the TEM 
image of the NiRuC support in Figure 5.5g and 5.5h. Figures 5.8g and 5.8h 
show TEM images of Pt/CoRuC catalyst. Similarly, all the metal nanoparticles 
including Pt are highly dispersed within the carbon matrix and their particle 
Figure 5.7 XRD patterns of all the Pt catalysts. 




size is less than 3 nm. The Pt nanoparticles in TEM images of Pt/FeRuC and 
Pt/CoRuC exhibit similar morphology (high dispersion and less than 4 nm of 
Pt particles size) to those metal nanoparticles observed in the images of 
Pt/OMC and Pt/RuC. TEM images of Pt/NiRuC catalyst are presented in 
Figures 5.8i and 5.8j. Referring to the TEM images of the NiRuC support in 
Figure 5.5g and 5.5h, the black dots are Pt particles and the metal 
nanoparticles with a size of 4–5 nm are crystalline, in accordance with the 
XRD result (4.5 nm) in Figure 5.7. All the metal nanoparticles are highly 
distributed within the carbon matrix. The TEM images of JM catalyst are 
shown in Figures 5.8k and 5.8l. The carbon black particles with a diameter of 
around 50 nm and some aggregated Pt nanoparticles can be found in Figure 
5.8k. Figure 5.8l exhibits that most of the PtRu nanoparticles have sizes less 
than 5 nm, in agreement with the XRD result (3.8 nm). The discrete graphene 
layers within carbon black are also seen, suggesting its higher graphitic nature 
than the carbons synthesized here, which possesses a higher combustion 





















 The XPS survey spectra of all the catalysts are depicted in Figure 5.9. 
Figure 5.9a shows the C1s spectrum of the catalysts. It can be fitted into four 




Figure 5.8 TEM images of Pt/OMC (a and b), Pt/RuC (c and d), Pt/FeRuC (e and f), 
Pt/CoRuC (g and h), Pt/NiRuC (i and j), and JM (k and l). 
 




the presence of carbon materials with C=C, C–C and C–H at a BE of 284.5 eV, 
C–O at around 285.7 eV, O=C–O at around 287.0 eV, and a satellite signal 
due to π─π* transition s in aromatic rings at 289.4 eV [47,48]. It has been 
demonstrated that more defects and O species on the surface of carbon 
materials leads to the increase of full widths at half-maxima (fwhm) of peak I 
in C1s spectrum [42,44]. Here, the fwhm of peak I for Pt/FeRuC, Pt/CoRuC, 
Pt/NiRuC, Pt/RuC, Pt/OMC, and JM are 1.22, 1.35, 1.39, 1.33, 1.39, and 1.27, 
respectively. The fwhms of the catalysts are similar, suggesting similar surface 
chemistry for all the supports. Moreover, a small peak close to the tail end of 
the C 1s region (280.8 eV) for Ru-containing Pt catalysts corresponds to the 
Ru 3d5/2 signal, indicating the presence of metallic Ru [50, 51].  
 
 Figure 5.9b presents the Pt 4f spectra of all Pt catalysts. It is seen that 
the intensity of Pt 4f for JM catalyst is much stronger than that of synthesized 
Pt catalysts; this is because most of the Pt particles in JM catalyst sit on top of 
the surface of carbon support, hence higher chance to be detected, while for 
our catalysts, more Pt particles are embedded in the carbon matrix, thus the Pt 
line intensities of the composite catalysts are lower. The Pt 4f spectra can be 
deconvoluted into three pairs of doublets labelled with I, II, and III (see Figure 
5.10). The most intense doublet with BE of 71.5 eV (Pt 4f7/2) and 74.8 eV (Pt 
4f5/2) (Figure 5.10) was attributed to metallic Pt. The peaks at around 72.5 and 
75.7 eV labelled with II (Figure 5.10) could be assigned to Pt2+ chemical state 
Figure 5.9 XPS survey spectra of the elements on the Pt catalysts: (a) C1s, (b) Pt4f, 
and (c) Ru3p3/2. 




as in either PtO or Pt(OH)2. The third pair peaks at about 74.5 and 77.8 eV 
labelled with III (Figure 5.10) is most likely ascribed to Pt4+ species on the 
surface such as PtO2 [52]. These Pt oxide species may be due to oxygen 
chemisorption at step and kink sites present on the Pt surface[50, 51]. The 
integration of peak areas indicates that most Pt species exists as metallic Pt for 
all catalysts. Pt nanoparticles on the supports obtained in this work seems very 
similar in the chemistry state based on the XPS analysis. For catalysts with 
binary or ternary metallic composition, the observed binding energy of Pt0 is 
slightly higher than that of platinized carbon electrodes (4f7/2 = 71.2 eV) [27, 
44, 53], this might be due to the charge transfer interaction between Pt catalyst 
and the metal incorporated supports that lowers the electron density in Pt0. The 
Pt 4f7/2 peaks for Pt/FeRuC, Pt/CoRuC, JM, Pt/NiRuC, Pt/RuC and Pt/OMC 
are located at 71.56, 71.47, 71.45, 71.42, 71.35 and 71.23 eV, respectively. 
Incorporation of different transition metals in the supports had caused different 
degree of positive shift in the peak position. The peak position of Pt deposited 
on unmodified OMC support is the closest to that of pure Pt electrode. 
According to Igarashi et al., the shift of Pt 4f to higher BE corresponds to 
downshift of d-band centre that leads to a smaller contribution of back-
donation of Pt 5d electrons to the CO 2π* orbital during the chemisorption of 
CO [54]. The chemisorption of CO will depend on donation of CO 5σ 
electrons with the back-donation by Pt decreased, and thus resulting in 
lowered CO coverage, particularly for multibonded CO molecules that are 
greatly influenced by the bonding angle. Figure 5.9c shows the XPS spectrum 
of Ru 3p3/2 for all the catalysts except Pt/OMC, which could be deconvoluted 
into two distinguishable peaks of different intensities located at about 462.6 
and 466.0 eV (Peak I and II in Figure 5.11), corresponding well to Ru0 and 
Ru4+(RuO2), respectively [27, 52, 55]. In addition, the XPS spectrum of Fe 
2p3/2 and Fe 2p1/2 for Pt/FeRuC, Co 2p3/2 for Pt/CoRuC, and Ni 2p3/2 for 
Pt/NiRuC can be found in Figure 5.12c. 
 





Figure 5.10 XPS survey spectra of the Pt 4f: (a) Pt/FeRuC, (b) Pt/CoRuC, (c) 
PtNiRuC, (d) PtRuC, (e) Pt/OMC, and (f) JM. 





Figure 5.11 XPS survey spectra of the Ru 3p: (a) Pt/FeRuC, (b) Pt/CoRuC, (c) 
PtNiRuC, (d) PtRuC, and (e) JM. 





 The weakening of CO adsorption caused by charge transfer between 
metals is usually a result of downshifting of the d-band centre. The core-level 
shifts in the XPS are usually thought to have direct connection with the shift in 
the d-band centre and thus served as a guide to determine the charge transfer 
between metals. When a charge transfer occurs between two metals, the Fermi 
level of the charge receiving metal, in this case, Pt will rise. The rise in Fermi 
level of Pt is like changing the reference level, which in general, we will 
observe a downshift (positive shift in BE) in the core levels peaks [54, 56-58]. 
Bligaard and Nørskov in their investigation on charge transfer effect also 
agree that in some cases a shift in the d-states can be measured as a core-level 
shift, as the d-states and the core levels shift together [59]. Other researchers 
might have a different opinion [60, 61], for example, Wang et al. observed an 
upshift (negative shift in BE) of core levels which also indicates a change in 
the d-band of the metal [62]. According to their study, the negative shift in BE 
indicates the higher electron density in Pt which is caused by the charge 
transfer from the support to Pt. This charge transfer from the support also 
caused the increase of the d-vacancy of the metal which eventually leads to the 
weakening of CO adsorption on Pt. Both explanations are reasonable, but 
oversimplified. For instance, Steiner and Hüfner measured the XPS core-
levels shifts of both atomic compositions for eight binary alloys systems as a 
function of composition [63]. Four out of eight experiments had core-level 
Figure 5.12 XPS survey spectra of the elements on the Pt catalysts: (a) Fe 2p of 
Pt/FeRuC, (b) Co 2p3/2 of Pt/CoRuC, (c) Ni 2p3/2 of Pt/NiRuC. 




shifts of the same sign for both atoms, which contradicts with the simple 
gained and lost charge picture for the simple charge transfer model, therefore 
Weinert and Watson listed several factors other than interatomic charge 
transfer that affects the core-levels shifts of alloy systems [64]. (1) Changes in 
the screening of the final state core hole, (2) changes in the reference level 
(Fermi energy) due to the change in the shape and bandwidth of d-band, (3) 
intra-atomic (e.g., sp ↔ d) and (4) redistribution of charge due to bonding and 
hybridization. The core-levels shifts might be difficult to tackle, but we 
believe that in some systems, certain effects might be larger than the others. In 
some cases, the electrostatic screening effect that causes the negative shift of 
core-levels might be larger, while in other cases, the change in the reference 
level that causes the overall downshift of d-states and core-levels might be 
dominating. Hence we can explain the trend of core-levels shift using one of 
the simplified pictures as long as there is a trend which is consistent. The work 
function of the metals in this study, i.e. Ru (4.71 eV), Fe (4.81 eV), Co (5.0 
eV), and Ni (5.35 eV); are lower than that of Pt (5.93 eV). It is known that the 
direction of charge transfer will be from the metal with the lower work 
function to the one with higher work function. This will cause the rise in 
Fermi level of the metal with the higher work function, in this case, the Pt 
metal. Positive shift in the Pt core-levels in our samples clearly indicates that 
the effect of overall downshift of d-state and core-levels might be the 
dominating effect caused by the rise of Fermi level. Other evidences such as 
MOR, CO stripping and impedance spectroscopy also indicate improvement in 
the CO tolerance of the catalysts, which further support the weakening of CO 
adsorption as a consequence of the charge transfer effect. 
 
5.4 Electrochemical Performance of Pt catalysts 
 The electrochemical active surface areas of different catalysts were 
determined by CV measurement performed in 0.5 M H2SO4 aqueous solution 
as shown in Figure 5.13a. It can be seen that well-defined CV curves were 
obtained for Pt/FeRuC, Pt/CoRuC, Pt/NiRuC, Pt/RuC, Pt/OMC, and JM. In 
general the double layer region for the catalysts with OMC-based support is 




larger than JM catalyst which is supported on carbon black. This is due to the 
large surface area of OMC-based support, which is at least four times larger 
than the BET surface area of carbon black (around 250 m2.g-1). The cathodic 
and anodic peaks appeared between 0.20 and 0.10 V are originated from the 
adsorption and desorption of atomic hydrogen on Pt surface in acidic media. 
From the average area of H-adsorption/desorption,36 the electrochemical 
active area (EAA) of JM, Pt/NiRuC, Pt/RuC, Pt/OMC, Pt/FeRuC and 
Pt/CoRuC catalysts was calculated to be 115, 120, 262, 267, 372 and 379 
cm2.mg-1, respectively. High EAA of Pt/CoRuC may originate from the finer 
and more dispersed Pt nanoparticles on the carbon matrix with high BET 
surface area and would be responsible for the good electrochemical catalytic 
performance. The EAA of Pt/FeRuC with a similar Pt particle size and BET 
surface area is also close to that of Pt/CoRuC. The Pt particle sizes for JM and 
Pt/NiRuC are largest among the catalysts (3.8 and 4.5 nm) and hence their 
EAAs are among the smallest as well. 
 






MOR is believed to consist of two basic steps as follows [65]:  
CH3OHads
              
�⎯⎯⎯� COads + 4H++ 4e-      (5.1) 
COads + OHads
              
�⎯⎯⎯� CO2 + H++ e-      (5.2) 
 The first step involves progressive dehydrogenation of adsorbed 
methanol molecule on the catalyst surface, while the second step is the 
oxidation of adsorbed CO generated from the dehydrogenation process. Thus 
it is important to study the MOR via cyclic voltammetry with methanol 
solution and CO anodic stripping voltammetry to investigate the performance 
of the catalysts in the two basic steps. The MOR curves of the catalysts are 
shown in Figure 5.13b. The two oxidation peaks for the catalysts, which are 
related to the oxidation of methanol and the intermediates produced during 
methanol oxidation, can be observed during the forward and backward 
potential scanning process. The mass activities for the catalysts are 426, 404, 
Figure 5.13 (a) Cyclic voltammograms of the catalysts measured in the electrolytes 
of 0.5 M H2SO4 at a scan rate of 50 mV.s-1, (b) Cyclic voltammograms of the 
catalysts measured at a scan rate of 20 mV.s-1 in electrolytes of 0.5 M CH3OH + 1.0 
M H2SO4, (c) CO anodic stripping voltammograms of the catalyst in 0.5 M H2SO4 
measured at a scan rate of 20 mV s-1, and (d) EIS data of catalysts in 0.5 M H2SO4 + 
1.0 M CH3OH solution at 0.4 V, the solid lines are the fitted curves for the 
corresponding catalysts. 




354, 283, 272 and 271 mA.(mgPt)-1 for JM, Pt/CoRuC, Pt/NiRuC, Pt/OMC, 
Pt/FeRuC and Pt/RuC respectively. The peak potentials are in a narrow range 
from 0.63 to 0.66 V for all the catalysts except for Pt/NiRuC which is around 
0.819 V. This might be due to the large Pt particles deposited on NiRuC that 
caused the sluggishness in the kinetics for MOR. The MOR performance of 
Pt/CoRuC is significantly higher than Pt/OMC and comparable to that of JM 
even though the catalyst does not exist in alloy form which is a requirement 
for the bi-functional mechanism proposed by Watanabe and Motoo [66, 67]. 
The promotional effect of Co can only be explained by the charge transfer 
effect which is a result of catalyst-support interaction [54]. This is also 
supported by the XPS observation of the positive shift in the BE of Pt0 peak 
for the Pt catalysts supported on metal/carbon nanocomposites. The 
performance of Ni, Fe or Co embedded OMC supports in the acidic media and 
oxidizing environment are generally stable, as in the CV and MOR experiment, 
the catalysts are usually being cycled for at least ten times before the readings 
are taken. We suspect the stability of these catalysts might be better than the 
commercial catalyst since the metal particles are stabilized within the carbon 
matrices, even though a long term stability test has yet to be carried out. A 
series of long term stability test might be possible in future investigation.  
 CO anodic voltammograms for the catalysts are presented in Figure 
5.13c. The desorption charge densities for Pt supported on metal-incorporated 
OMC catalysts are generally larger than JM catalyst since the EAAs of the 
catalysts are typically larger than that of JM catalyst, except for Pt/OMC 
which might suffer from irreversible adsorption of CO molecules. The 
potential for the CO stripping peaks are located at 0.490 V, 0.616 V, 0.617, 
0.621 V, 0.630 V and 0.703 V for JM, Pt/CoRuC, Pt/NiRuC, Pt/FeRuC, 
Pt/RuC and Pt/OMC, respectively. Pt/OMC shows the highest potential for 
CO stripping peak which indicates the least tolerance for CO adsorption, while 
the incorporation of a second or third metal into the catalyst supports proves to 
enhance the CO tolerance of the catalysts by their negatively shifted Co 
stripping peaks. JM is still the best catalyst in terms of CO tolerance since the 
Ru atoms incorporated into the catalyst are closer to the Pt atoms compared 
with the catalysts prepared with our method. Bi-functional mechanism can be 




used to explain the enhancement in the CO tolerance of JM catalyst since the 
Ru atoms are adjacent to Pt atoms, but it is not the case for Pt supported on 
metal/carbon nanocomposites since the second or third metal are embedded 
within the carbon matrices. On the other hand, charge transfer effect can be 
used to explain both types of catalysts; that is, the incorporation of a second or 
third metal causes a change in the electronic state of Pt that weakens the CO 
bonding on the Pt surface. Impedance spectra of the catalysts for MOR were 
measured at 0.4 V as shown in Figure 5.13d. The potential of 0.4 V is chosen 
since the COad oxidation took place around 0.4 V as indicated by the second 
oxidation peaks of the catalysts in Figure 5.13b and the CO stripping peaks in 
Figure 5.13c. A kinetics-based impedance model for the MOR was used to fit 
the impedance spectra. Typically, the impedance of the electrochemical 
system can be expressed as [68]:  
𝑍𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑠 + 1𝑗𝜔𝐶𝑑𝑙+ 1𝑍𝐹       (5.3) 
 Where 𝑅𝑠  is the resistance between the working electrode and the 
reference electrode, which includes the electrolyte resistance and all contact 
resistance, 𝜔  (the angular frequency), 𝑗 =  √−1  , 𝐶𝑑𝑙  is the double layer 
capacitance and 𝑍𝐹 is the faradaic impedance. 
 Assuming that the mass transport limitations do not occur, the faradaic 
impedance can be expressed as [65, 69, 70]:  
𝑍𝐹 = � 1𝑅∞ + 1𝑅0+𝑗𝜔𝐿�−1       (5.4) 
where 𝑅∞ is the resistance for the dehydrogenation of adsorbed methanol 
molecule to COad, 𝑅0 is the reaction resistance of COad oxidation, and 𝐿 is the 
inductance of COad oxidation which is due to the slowness of COad coverage 
relaxation opposing to the potential perturbation [70, 71]. This expression for 
the Faradaic impedance can be visualized as the equivalent circuit shown in 
Figure 5.14. The fitting parameters using the equivalent circuit in Figure 5.14 
are presented in Table 5.2. The double layer capacitance for the catalysts with 
OMC supports is significantly larger than that of JM. This is primarily due to 




the fact that OMC supports have larger surface area for the storage of 
capacitive charges from the electrolyte. Among the OMC-supported catalysts, 
Pt/CoRuC has the smallest resistance for the dehydrogenation of methanol, 
consistent with its high mass activity for MOR shown in Figure 5.13b. 
Pt/OMC shows the worst performance in both dehydrogenation step (𝑅∞ =232.63  Ω 𝑐𝑚2 ) and COad oxidation step ( 𝑅0 = 131.99  Ω 𝑐𝑚2 , 𝐿 =331.62 𝑘𝐻 𝑐𝑚−2 ). Incorporation of a second metal (Ru) in Pt/RuC 
significantly improves the dehydrogenation of methanol and COad oxidation as 
shown in Table 5.2. The performance further increase with the third metal 
embedded in the support, which is evident with the decrease values of 𝑅∞, 𝑅0 
and 𝐿  for Pt/NiRuC, Pt/FeRuC and Pt/CoRuC. JM has the overall best 
performance in MOR which is indicated by the lowest values of 𝑅∞, 𝑅0 and 𝐿 
shown in Table 5.2. The higher performance of JM catalyst might be either 
because of the contribution of bi-functional effect which is lacking in Pt 
supported on metal-doped OMC prepared by two-step deposition or the charge 
transfer effect is affected by the distance between the Pt and the metals. 
According to the work of Liu and Nørskov [72], the weaker bonding of CO 
with Pt on a PtRu surface is the main cause of the Ru promotion effect, which 
means that the charge transfer effect due to a second metal is the major 
contribution to performance enhancement in MOR. Thus, we believe that the 
higher performance of JM catalyst might be due to the closer distance of the 
second metal to the Pt atoms compared with other catalysts.  
 
 
Figure 5.14 Equivalent circuit for modelling the Faradaic impedance on methanol 
oxidation reaction. 




Table 5.2 Comparison of the fitting parameters according to impedance model for the 
catalysts. 
Catalysts 𝐶𝑑𝑙 [𝑚𝐹/𝑐𝑚2] 𝑅∞ [Ω 𝑐𝑚2] 𝑅0 [Ω 𝑐𝑚2] 𝐿 [𝑘𝐻/ 𝑐𝑚2] 
Pt/OMC 32.73 232.63 131.99 331.62 
Pt/RuC 42.44 170.48 107.47 112.47 
Pt/NiRuC 35.79 61.57 46.63 13.66 
Pt/FeRuC 37.27 64.64 50.71 15.51 
Pt/CoRuC 46.15 57.82 46.70 12.15 
JM 5.56 28.10 27.00 5.66 
  
 
 For some alloyed Pt catalysts, the second metal might be de-alloyed 
from the composite especially for non-noble transition metal, forming Pt-
skeleton. By annealing the Pt-alloyed catalyst at 1000 K, Pt-skin catalysts can 
also be formed [73]. Stamenkovic et al. demonstrated that the ORR activity of 
the catalysts increases in the order Pt < Pt-skeleton < Pt-skin through 
modification of the electronic properties of Pt that lead to the decrease of 
irreversible adsorbed oxide species [74]. Through metal-support interaction, 
transition metal doped OMC also changes the electronic properties of Pt and 
thus leading to better dehydrogenation process or CO tolerance that enhance 
the MOR performance. The advantage of using the transition metal doped 
OMC support is that the Pt particles are able to maintain high surface area 
compared to Pt-skin catalysts that is fabricated through high temperature 
annealing. Another advantage is that the metal doped OMC approach allows 
higher loading of ternary or even quaternary metals to be incorporated into the 
highly porous carbon matrices without the issue of decreasing the surface area 
of Pt catalyst. Hence the transition metal doped OMC approach is a potentially 
efficient way to enhance the activity of Pt catalyst in MOR. 
 
5.5 Conclusions 
 An alternative to conventional alloyed Pt catalysts was presented in 
this chapter. The preparation and characterization of metal-carbon 
nanocomposites (NiRuC, FeRuC, and CoRuC) with bimetallic Ni-Ru, Fe-Ru, 
and Co-Ru nanoparticles embedded into the pore channels of ordered 
mesoporous carbon, which were synthesized via template strategy were 
reported. Pt nanoparticles were highly deposited onto the nanocomposites as 




MOR catalysts. Kinetic-based impedance model was used to simulate the 
electrochemical properties of the catalysts and matches well with the MOR 
performance of the catalysts. The trimetallic catalysts incorporated in the 
mesoporous carbon were found to enhance the MOR performance through 
metal-support interaction with Pt particles. The promotional effect of the 
bimetallic/carbon nanocomposites on the catalytic activity of Pt catalysts was 
evidenced, and charge transfer effect as the major factor of the enhancement 
of MOR performance was demonstrated by the results. The investigation not 
only provides further insight on the roles of Fe, Ni and Co in MOR, but also 
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Chapter 6. Pt-WxC Nano-Composites 
 
Summary 
 WxC and Pt-WxC nano-catalysts supported on carbon black were 
synthesized using a simple co-impregnation and thermal reduction method. An 
enhanced performance in the electro-reduction of oxygen in an alkaline media 
is achieved when Pt is incorporated with the WxC catalyst. In the presence of 
WxC, Pt loading in carbon-supported Pt-WxC catalysts can be reduced to 5% 
while the oxygen reduction reaction (ORR) performance of the Pt-WxC 
catalyst remains comparable to that of a commercially available 20% Pt/C 
catalyst. This indicates that the Pt-WxC composite material is more cost-
efficient in ORR than the conventional Pt catalysts since WC is three orders of 
magnitude less expensive than Pt. WxC alone is not an excellent ORR catalyst, 
but its addition can greatly enhance the ORR activity of Pt where it serves as 
an electronic promoter by preventing Pt from oxidation and modifying Pt d-
band structure via charge flow from W2C to Pt which is confirmed by XPS 
and UPS. It is found by XRD and TEM characterizations that WxC may play a 
role as a structural promoter by preventing agglomeration of Pt particles. On 
the other hand, Pt is found to promote the formation of WxC during the 
synthesis and also to stabilize WxC during ORR. The findings on the 
synergistic effects of this hybrid material are important in assisting the future 
design of more efficient and durable ORR catalysts. 
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6.1 Tungsten carbide for ORR 
 Oxygen reduction reaction (ORR) is one of the most important and 
indispensible reactions in many applications such as fuel cells, metal-air 
batteries, electrosynthesis of hydrogen peroxide and oxygen sensors even 
though the ORR kinetics are sluggish in both acidic and alkaline media [1-8]. 
Up to date, Pt and Pt-based catalysts still produce the best catalytic 
performance in ORR. But due to the limited availability and the high cost 
price of Pt, a lot of efforts have been put in to reduce the loading of Pt, either 
by increasing the utilization of Pt or replacing Pt with non-precious metals [1, 
9-12]. Since the dependence on Pt is a major obstacle for the 
commercialization of fuel cell technologies, it would be ideal to totally replace 
Pt with non-noble metals. Unfortunately, the slow kinetics of ORR still 
remains as a great challenge for Pt-free catalysts; hence, it is more realistic to 
use Pt-doped or Pt-alloyed materials in practical fuel cell applications [13-16].  
 Recent development in anion exchange membranes with good 
mechanical and conducting performance has drawn a great deal of attention on 
the development of an alkaline anion exchange membrane fuel cells 
(AAEMFC) [17-20]. Unlike its predecessor, the alkaline fuel cells, there is no 
KOH-induced corrosion that will lead to performance degradation and 
electrolyte leakage for the AAEMFC. An alkaline media in AAEMFC also 
allows the use of non-precious metals, which will otherwise dissolve in a 
strong acidic environment. It is also well known that the ORR kinetics is more 
favourable in alkaline media than acidic ones; hence it is certainly worth the 
effort to develop ORR catalysts for alkaline media applications. 
 Tungsten carbide was first discovered to behave like Pt in surface 
catalysis by Levy and Boudart in 1973 [21]. Since then, tungsten carbide was 
studied by many for its application as a fuel cell catalyst [22-25]. Recently 
Liang et al. reported that the introduction of WxC onto carbon nanotubes 
(CNTs) as a hybrid support for Pt electrocatalysts resulted in an enhanced 
ORR activity in diluted H2SO4, as compared to the conventional catalyst of Pt 
supported on CNTs with similar Pt loading [25]. In 2011 high-surface-area 
WC was synthesized as the support for Pt clusters by Liu et al. and their 
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Pt/WC catalyst also showed enhanced ORR activity as compared to Pt/C [26]. 
Very recently, monolayer (ML) Pt was deposited on well-defined WC rotating 
disk electrode and the ML-Pt/WC was found to have a more negative half-
wave potential and smaller limiting current than that of a Pt disk [27]. The 
work in this chapter aims to evaluate the catalytic performance of Pt doped 
WxC (x = 1 or 2) catalyst supported on functionalized carbon black for ORR 
in an alkaline media. This is different from previous studies in which WxC was 
used as the support for Pt deposition. In this study, WxC was co-synthesized 
together with Pt under thermal reduction. The Pt-WxC composite was 
supported on citric acid functionalized carbon blacks (CA-CB) and was used 
as the ORR catalyst (labelled as 5Pt-WxC/CA-CB). The results showed that 
WxC greatly enhance the ORR activity of Pt active sites by synergistic effects 
between Pt and WxC. In the presence of WxC, Pt loading in carbon-supported 
Pt-WxC catalysts can be reduced to as low as 5 wt% while the ORR 
performance of the 5 wt% Pt-WxC/CA-CB (5Pt-WxC/CA-CB) remains 
comparable to that of a commercially available 20 wt% Pt/C catalyst from E-
TEK Inc (labelled as Pt/C-ETEK). Hence the reduction of Pt loading in 
alkaline fuel cells can be achieved. 5 wt% Pt/CA-CB (labelled as 5Pt/CA-CB), 
20 wt% Pt/CA-CB (20Pt/CA-CB), 20 wt% WxC/CA-CB (20WxC/CA-CB) 
were also prepared and studied for comparison. 
 
6.2 Preparation and Characterization of Pt-WxC Nano-Composites 
 Citric acid functionalized carbon black (CA-CB) was utilized as the 
support for the catalysts, so to ensure efficient deposition of metal particles on 
the carbon support. The preparation of CA-CB can be found described 
elsewhere [28, 29]. Briefly, 100 mg of VXC72R carbon black (Cabot Corp.) 
was dispersed in de-ionized (DI) water with 200 mg of citric acid 
monohydrate (ACS reagent, ≥99.0%, Sigma Aldrich). After ultra -sonication 
for 30 min, the dispersion was dried to form a paste. The paste was heated at 
350°C for 30 min to form the functionalized carbon black. 
 20WxC/CA-CB was synthesized from a mixture of CA-CB and 
tungsten (IV) chloride in DI water. 80 mg of CA-CB were dispersed in 40 ml 
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of DI water to form a homogeneous colloidal solution. 32 ml of 3.4 mM 
tungsten (IV) chloride aqueous solution (prepared from WCl4 powder, 
purity >95 %, Sigma Aldrich), for a nominal tungsten loading of 20 wt%, was 
added into the colloidal solution while stirring. The mixture solution was 
stirred for another hour, heated to 90°C and kept at 90°C until the water was 
evaporated. The tungsten-based solid residua was then transferred onto a 
quartz boat and placed inside a tube furnace for H2 reduction with a gas 
mixture of Ar (20 sccm) and H2 (10 sccm) for 1 hr at 400°C. After the 
reduction process, the sample was heated to and held at 1000°C under a 
constant flow of Ar for 1 hr. The sample was later cooled down to room 
temperature in the Ar stream.  
 5Pt-WxC/CA-CB was synthesized using the same procedure, with the 
exception that the Pt precursor was also added in the initial mixture, i.e. 24 ml 
of 3.4 mM tungsten(IV) chloride aqueous solution was mixed together with 
0.287 mL of 89.15 mM hexachloroplatinic acid (prepared from H2PtCl6.6H2O 
powder, ACS reagent, Sigma Aldrich) and 80 mg of CA-CB. The nominal Pt 
loading in the sample was 5 wt% and tungsten loading was 15 wt%. 
 5Pt/CA-CB and 20Pt/CA-CB catalysts without WC were also prepared 
for comparisons. The Pt/CA-CBs were synthesized using a mixture of 
hexachloroplatinic acid and CA-CB. Typically 0.287 ml and 1.15 ml of 89.15 
mM Pt precursor were used for a nominal loading of 5 wt% Pt and 20 wt% Pt 
supported on CA-CBs respectively. The same drying and reduction processes 
at 400ºC were used for the fabrication of Pt/CA-CBs. However, the Pt/CA-
CBs were not treated with the annealing step at 1000°C under Ar flow since Pt 
nanoparticles will agglomerate at such a high temperature. 
 The above four samples were studied and compared with as-purchased 
20 wt% Pt/C catalyst (E-TEK Inc.), with VXC72R as the support. This 
commercial Pt/C catalyst was used as a benchmark and labelled as Pt/C-ETEK. 
 X-ray diffraction (XRD) data were collected at room temperature using 
a Bruker D8 diffractometer with Cu Kα radiation of wavelength λ = 0.154 nm 
operated at 40 kV and 30 mA. The XRD patterns were acquired in the Bragg’s 
angle (2θ) range from 10º to 90º. Thermogravimetric analysis (TGA) was 
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conducted on a TGA Q500 (Thermal Analysis Instruments, Burlington, MA) 
in purified air, with a flow rate of 60 mL.min-1 and a temperature ramp rate of 
10°C.min-1 from room temperature to 800°C. Particle size distribution and 
morphology of the catalysts were investigated using field emission 
transmission electron microscope (TEM) (Tecnai G2 TF20 S-TWIN, FEI 
Company) operated at 200 kV.  
 Surface chemical composition of the catalysts was examined by X-ray 
photoelectron spectroscopy (XPS) on a VG ESCALAB 250 spectrometer 
(Thermo Electron, Altrincham, U.K.), using an Al Kα X-ray source (1486.6 
eV). The operating pressure in the analysis chamber was maintained below 1 x 
10-9 Torr. Wide-scan spectra in the binding energy range of 0 − 1100 eV were 
recorded in 1 eV step size. Narrow scan core level spectra were recorded in 
0.05 eV steps. The calibration of binding energy (BE) of the spectra was 
referenced to the graphitic C1s at 284.5 eV. Curve fitting was performed using 
a Shirley-type background and a nonlinear least-square fitting tool assuming a 
Gaussian peak shape.  
 Ultraviolet photoelectron spectroscopy (UPS) was carried out using a 
high intensity UV lamp as the excitation source, emitting a resonance radiation 
of 40.8 eV (He II). Spectra were recorded in 0.02 eV steps. 
The Potentiostat/Galvanostat used for the electrochemical measurements was 
Autolab PGSTAT302 electrochemical test system (Metrohm, The 
Netherlands). The measurements were carried out in a three-electrode 
electrochemical cell with 0.1 M KOH as the electrolyte. A 5 mm diameter 
glassy carbon electrode was used as the working electrode, with Pt plate as the 
counter electrode, while the reference electrode was an Ag/AgCl electrode 
with 3.0 M KCl electrolyte. All potentials presented in the graphs and in the 
discussion were converted with reference to the reversible hydrogen electrode 
(RHE), which is independent of pH value. 
 For the electrochemical characterization, typically 10 mg of catalyst 
material was first dispersed in diluted Nafion© solution which consisted of 5% 
v/v of Nafion© (5 wt% by Dupont), 15 % v/v of isopropanol in DI water. 10 
μL of the suspension was dropped onto the glassy carbon electrode and dried 
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to form a thin film in a vacuum oven. The thin-film coated electrode was later 
kept hydrated in DI water prior to any measurement. Typical catalyst loading 
deposited on the electrode was 50 µg. 
 Cyclic voltammograms (CV) were acquired from − 0.233 V to 1.167 V 
(vs. RHE) at a scan rate of 20 mV.s-1 in 0.1 M KOH at 25°C. Purified Ar was 
bubbled into the electrolyte for 15 min to remove oxygen before CV 
measurements.  
 ORR was carried out using a thin-film rotating disk electrode setup 
(Pine Instruments, USA), in which the rotational speed was varied from 250 
rpm to 4000 rpm and with the scan rate at 10 mV.s-1 and the scan range from 
0.077 V to 1.177 V (vs. RHE). The measurements were carried out in an 
oxygen-saturated 0.1 M KOH at 25°C. The electrolyte was bubbled with 
purified oxygen flow at 140 sccm for about 15 min before every experiment 
and the oxygen flow was kept constant throughout the whole measurement 
process.  
 
6.3 Morphological and structural properties of the catalysts 
 In this work four samples were prepared, i.e. 20WxC/CA-CB, 5Pt-
WxC/CA-CB, 20Pt/CA-CB and 5Pt/CA-CB. They were studied as ORR 
catalysts and compared with commercial carbon-supported Pt catalyst, i.e. 
Pt/C-ETEK, which was used as the bench-mark for the tests. 
 The metal (Pt or/and W) loading of the catalysts was determined using 
TGA (Figure 6.1). The Pt loading of 5Pt/CA-CB (curve a), 20Pt/CA-CB 
(curve b) and Pt/C-ETEK (curve c) are 4.6 wt%, 20.4 wt% and 19.9 wt% 
respectively. The commercial catalyst (Pt/C-ETEK) was confirmed to have the 
correct loading as claimed. The loadings of 5Pt/CA-CB and 20Pt/CA-CB are 
almost the same as the nominal loadings, which means that almost all the 
metal precursors were deposited on CA-CB. The metal loadings of 
20WxC/CA-CB (curve d) and 5Pt-WxC/CA-CB (curve e) in Figure 6.1 are 
21.8 wt% and 21.9 wt% respectively, which are about 1.8 wt% higher than the 
expected metal loading of 20 wt%. This is most likely due to the formation of 
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WOx since WxC will be oxidized in air in about 600 °C. The mass ratio of Pt 
and W for 5Pt-WxC/CA-CB could not be found from the TGA analysis; hence 
XPS characterization was used to determine the concentration of Pt and W in 
the sample, which will be discussed in the later paragraphs.  
 
 The distribution of the metal catalysts on the support was investigated 
using TEM. TEM images of 5Pt/CA-CB, 20Pt/CA-CB, Pt/C-ETEK, 
20WxC/CA-CB and 5Pt-WxC/CA-CB are displayed in Figures 6.2a to 6.2h. 
All the TEM images show the spherical shape of carbon particles with 30-50 
nm in diameter. The Pt nanoparticles in 5Pt/CA-CB are sparsely scattered on 
the XC-72R carbon spheres since the Pt loading is only 5 wt%, which is 
considerably low metal loading compared to other samples. The Pt loading of 
20Pt/CA-CB and Pt/C-ETEK are the same, 20 wt%. The size distribution of Pt 
nanoparticles in 20Pt/CA-CB (Figure 6.2b) is narrower compared to Pt/C-
ETEK (Figure 6.2c) while the sizes of the nanoparticles are larger, ~4 nm in 
Figure 6.2f. In Figure 6.2c, the size distribution of Pt nanoparticles for Pt/C-
ETEK is broader and it is centred at a smaller value than that of the size 
distribution of 20Pt/CA-CB. WxC nanoparticles in 20WxC/CA-CB are 
homogeneously spread out on the carbon support (Figure 6.2d) and their size 
is ~5 nm as shown in Figure 6.2g. The size of 5Pt-WxC/CA-CB nanoparticles 
Figure 6.1 TGA curves for the catalysts (a) 5Pt-CA-CB; (b) 20Pt-CA-CB; (c) Pt/C-
ETEK; (d) 20WxC-CA-CB; (e) 5Pt-WxC/CA-CB. 
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shown in Figure 6.2e is not homogeneously distributed, which is more like 
that in Pt/C rather than in WxC/C. This appears to mean that the incorporation 
of Pt has changed the distribution of the metal particles. The high 
magnification transmission electron microscopy (TEM) image of 20Pt/CA-CB 
is shown in Figure 6.2f, in which Pt nano-particles with (111) inter-planar 
spacing of 0.23 nm are observable. In Figure 6.2g, WxC nanoparticles with 
WC(10 1� 1) inter-planar spacing of 0.19 nm and W2C (W2C (0002) with 
spacing = 0.24 nm) are identified for 20WxC/CA-CB. 
 Figure 6.2h clearly shows the occurrence of Pt/WC composite 
consisting of crystalline Pt [Pt(111)] and W2C [W2C(101�2) with spacing = 
0.18 nm] in an overall 6-nm nano-particle. The co-precipitation of Pt and W 
precursors on the carbon support must be the reason leading to the formation 
of bimetallic composite particles. It is the formation of the Pt/W2C composites 
that leads to the synergistic effects between Pt and WC and hence the 
enhancement of the ORR activity of the Pt-WC catalyst. 
 


















    
 XRD data are shown in Figures 6.3a and 6.3b. The XRD patterns of 
three Pt-based catalysts, i.e. 5Pt/CA-CB, 20Pt/CA-CB and Pt/C-ETEK in 
Figure 6.3a show the occurrence of graphite and Pt. The Pt peaks in the XRD 
patterns can be indexed to face-centred cubic (fcc, space group Fm3�m) Pt and 
they match well with the database spectrum of PDF No. 65-2868 (PDF: 
powder diffraction file). The size of the Pt metal particles, estimated from their 
Pt(220) peak using the Scherrer equation assuming a shape factor of 0.9, is 5.7, 
9.4 and 11.2 nm for Pt/C-ETEK, 5Pt/CA-CB and 20Pt/CA-CB respectively. 
The particle sizes of 5Pt/CA-CB and 20Pt/CA-CB are significantly larger than 
commercial ETEK catalyst since our Pt catalysts were reduced at 400°C under 
hydrogen environment and the agglomeration of Pt particles at elevated 
temperatures is inevitable. High Pt loading results in the degradation of the 
graphitic structure of carbon supports so that the C(002) intensity is relatively 
lower in the 20Pt/CA-CB and Pt/C-ETEK catalyst compared with 5Pt/CA-CB. 
Figure 6.2 TEM images of the catalysts : (a) 5Pt/CA-CB; (b) 20Pt/CA-CB; (c) Pt/C-
ETEK; (d ) 20WxC/CA-CB; (e) 5Pt-WxC/CA-CB; (f) high magnification TEM image 
of 20Pt/CA-CB, in which Pt nano-particles with (111) inter-planar spacing of 0.23 nm 
are observable; (g) high magnification TEM image of 20WxC/CA-CB, in which the 
nanoparticles of WC (with WC (101�1) inter-planar spacing of 0.19 nm) and W2C 
(W2C (0002) with spacing = 0.24 nm) are identified; and (h) high magnification TEM 
image of 5Pt-WxC/CA-CB. Crystalline domains of Pt (111) and W2C (101�2) with 
spacing = 0.18 nm are observable. 




 Figure 6.3b presents the XRD patterns of WC-based catalysts, i.e. 
20WxC/CA-CB and 5Pt-WxC/CA-CB. WC (hcp, space group P6�m2) and α-
W2C (hcp, space group P3�m1) exist in both samples and the peaks match well 
with those in PDF No. 00-051-939 and 00-035-0776. The average particle size 
of WC and W2C calculated from the WC(10 1� 1) and W2C(11 2� 0) peaks 
respectively are 25.6 nm and 14.9 nm respectively in 20WxC/CA-CB, much 
bigger than those (16.4 nm and 8.3 nm respectively) in 5Pt-WxC/CA-CB. The 
significant differences in the XRD patterns of the two WC-based samples are 
the presence of Pt and the absence of W peaks in Pt-WxC/CA-CB. The 
significantly smaller WC and W2C particle sizes in 5Pt-WxC/CA-CB are a 
consequence of the competition of Pt for the adsorption sites on the carbon 
black with W precursors, as well as a limited space for crystal growth on the 
surface of carbon black. It is also due to these same factors that the average Pt 
(a) 
(b) 
Figure 6.3 XRD spectra of (a) Pt/C-ETEK (top), 5Pt/CA-CB (middle) and 20Pt/CA-
CB (bottom); (b) 20WxC/CA-CB (top) and 5Pt-WxC/CA-CB (bottom). 
Chapter 6. Pt-WxC Nano-Composites 
156 
 
size of 5Pt-WxC/CA-CB is only 9.8 nm, which is comparable to the size of Pt 
in 5Pt/CA-CB which was reduced at 400°C, even though Pt-WxC/CA-CB was 
subsequently annealed at a much higher temperature (1000°C). 
 
6.4 Chemical composition and electronic properties 
 The XPS survey spectra for 5Pt/CA-CB, 20Pt/CA-CB, Pt/C-ETEK, 
20WxC/CA-CB and 5Pt-WxC/CA-CB are depicted in Figure 6.4. The presence 
of C, O and Pt can be clearly seen in the wide scan spectra (Figure 6.4a) for all 
samples except for 20WxC/CA-CB with no Pt. W 4f peaks are present in the 
wide scan spectra for 20WxC/CA-CB and 5Pt-WxC/CA-CB, confirming the 
existence of tungsten species on the W-based samples. The Pt/W atomic ratio 
for 5Pt-WxC/CA-CB, which could not be determined from the TGA spectra, 
was calculated to be 0.30, based on the Pt 4f and W 4f spectra shown in 
Figures 6.4f and 6.4g. The mass ratio (mPt/mW) of 0.32 by taking the atomic 
mass of the two elements into account is exactly the ratio of precursors added 
during the synthesis of 5Pt-WxC/CA-CB, which is 5 wt% of Pt and 15 wt% of 
W.  
 C 1s spectra of the samples are presented in Figures 6.4b and 6.4c, and 
are fitted into four (Figure 6.4b) or five (Figure 6.4c) component peaks label 
with I, II, III, IV and V. Peak I represents graphitic carbons with C=C, C-C 
and C-H bonds at a binding energy (BE) of 284.5 eV. Peak II, III and IV are 
the peak of carbon with C-O bond at 285.7 eV, carbons with C=O and O-C-O 
bonds at 287.0 eV and the carbon with carboxyl group (O=C-O) at 289.4 eV, 
respectively [30, 31]. Peak V at 283.5 eV, which can be found in 20WxC/CA-
CB and 5Pt-WxC/CA-CB, is the characteristic peak of tungsten carbide [32]. 
The full widths at half-maxima (fwhm) of peak I for 5Pt-WxC/CA-CB, 
20WxC/CA-CB, 20Pt/CA-CB, 5Pt/CA-CB and Pt/C-ETEK obtained via 
deconvolution fitting are 1.21 eV, 1.27 eV, 1.40 eV, 1.43 eV and 1.50 eV 
respectively. According to Zhang et al., the increase in fwhm of the C 1s peak  
at 284.5 eV is an indication of more defects and O species on the surface of 
carbon materials [33]. Our observations are in agreement with their conclusion; 
5Pt-WxC/CA-CB and 20WxC/CA-CB which were treated at 1000°C are 
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definitely having less defects and O species than the other samples which are 
either untreated at elevated temperature (Pt/C-ETEK) or only treated at a 
moderate temperature (20Pt/CA-CB and 5Pt/CA-CB).  
 Compared to C 1s, O 1s is rather weak in Figure 6.4a. The majority of 
the oxygen species found on the samples belong to the functional groups that 
exist on the carbon black support of the samples. They are identified by the 
deconvolution of the O 1s peaks which are shown in Figures 6.4d and 6.4e. In 
Figures 6.4d and 6.4e, oxygen in the carbonyl and quinone groups, C=O, is 
observed at 531.4 eV (peak I); oxygen in the hydroxyl O-H and ether groups, 
C-O-C, is found at 532.6 eV (peak II); and oxygen in the acidic carboxyl 
groups, O=C-O, is identified at around 534.6 eV (peak III) [34]. In Figure 6.4e  
the centre of the O 1s peaks for 20WxC/CA-CB and 5Pt-WxC/CA-CB is found 
to be found to be asymmetric, due to the existence of WO3 peak at around 
530.3 eV (peak IV) [35]. The existence of WO3 was not reflected in the XRD 
patterns for both samples, and this suggests that the WO3 found on the surface 
of the samples might be amorphous or possibly due to the chemisorbed 
oxygen on the W surface. 
 Pt 4f spectra in Figure 6.4f for 5Pt/CA-CB, 20Pt/CA-CB, Pt/C-ETEK 
and 5Pt-WxC/CA-CB are de-convoluted to three pairs of doublet, labelled as I, 
II, and III. Doublet I at 71.2 eV (Pt 4f7/2) and 74.5 eV (Pt 4f5/2) is attributed to 
metallic Pt, while the doublet at 72.2 and 75.5 eV is attributed to either PtO or 
Pt(OH)2, which is the Pt2+ chemical state [36]. The third doublet, which is 
found at around 74.2 eV and 77.5 eV, is most likely due to surface oxides such 
as PtO2 [37]. The formation of Pt oxide species may be due to oxygen 
chemisorption, which occur at the steps and kink sites on the Pt surface [38]. 
  












 The deconvolution of the Pt 4f spectra yielded different percentages of 
surface oxide for the various catalysts. The percentages of surface Pt oxide for 
5Pt/CA-CB, Pt/C-ETEK, 20Pt/CA-CB and 5Pt-WxC/CA-CB are about 68.70, 
56.70, 56.04 and 46.56 % respectively. The difference in the percentage of the 
surface oxide for the samples is influenced by the difference in the 
morphology and size of the Pt catalysts. Even though both 5Pt/CA-CB and 
5Pt-WxC/CA-CB have similar Pt loading and particle size, 5Pt-WxC/CA-CB 
has less surface oxide, indicating the possibility that the presence of the WxC 
particles has decreased the strong chemisorption of oxygen on the surface of 
Pt particles that might otherwise have affected ORR performance of the 
catalyst.  
 Figure 6.4g presents the W 4f peaks for 20WxC/CA-CB and 5Pt-
WxC/CA-CB. The doublet (W 4f7/2 and W 4f5/2), corresponding to tungsten 
oxide, appears at 35.6 and 37.7 eV [39], while for the tungsten carbide, 
another doublet appears at 31.8 and 34.0 eV [32]. The two doublets for 5Pt-
WxC/CA-CB are slightly shifted to lower BE as compared to those of 
20WxC/CA-CB. The tungsten oxide doublet is shifted by − 0.3 eV while the 
tungsten carbide doublet shifted by − 0.1 eV. The negative shift in BE 
Figure 6.4 XPS spectra of 5Pt/CA-CB, 20Pt/CA-CB, Pt/C-ETEK, 20WxC/CA-CB 
and 5Pt-WxC/CA-CB catalysts: (a) wide scan, (b) and (c) C 1s, (c) and (d) O 1s, (e) 
      
(f) (g) 
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corresponds to an increase in the electron charge density for the tungsten 
compounds, which might have been a consequence of charge transfer from 
carbon (in WxC form) to tungsten. The charge transfer from carbon to W can 
be inferred from the higher atomic ratio and slightly lower binding energy of 
C 1s peak V for 5Pt-WxC/CA-CB than 20WxC/CA-CB in Figure 6.4c. The 
tungsten carbide peaks for 5Pt-WxC/CA-CB are also significantly higher than 
the WC peaks in Figure 6.4g for 20WxC/CA-CB even though the loading of 
tungsten (and the intensity of XRD peaks) is lower for the former (15 wt% vs. 
20 wt%). The peak area ratio of carbide/oxide for 20WxC/CA-CB was 
calculated as 0.14, but after the incorporation of Pt, the carbide/oxide ratio 
increased to 0.39, about 2.8 times that without Pt. Therefore, the incorporation 
of Pt into WxC not only suppresses the irreversible oxidation on Pt, but also 
increases the concentration of WxC. 
 
6.5 ORR in alkaline medium 
 The ORR performance of the catalysts evaluated using linear sweep 
voltammetry, with the rotation speed of the working electrodes at 2000 rpm, is 
shown in Figure 6.5. The half-wave potentials (E1/2), in an increasing order, 
are 0.604 V, 0.806 V, 0.840 V, 0.879 V, 0.880 V and  0.888 V for 20WxC/CA-
CB, flat Pt electrode, 5Pt/CA-CB, 5Pt-WxC/CA-CB, Pt/C-ETEK and 
20Pt/CA-CB respectively. The catalyst with the best performance is 20Pt/CA-
CB, which has a slightly higher E1/2 (0.888 V) than the commercial catalyst 
(Pt/C-ETEK, E1/2 = 0.880 V) due to a slightly higher loading (20.4 wt% vs. 
19.9 wt%) and better hydrophilicity of the carbon support [29]. In Figure 6.5, 
the ORR performance of 5Pt-WxC/CA-CB (E1/2 = 0.879 V) with only 5 wt% 
Pt, is comparable with that of Pt/C-ETEK (E1/2 = 0.880 V) and 20Pt/CA-CB 
(E1/2 = 0.888 V) with 20 wt% Pt loading, and is significantly higher than that 
of 5Pt/CA-CB (E1/2 = 0.840 V) which has the same Pt loading. Obviously WxC 
alone is not a good ORR catalyst, but its addition to Pt/CA-CB greatly 
enhances the ORR activity of the Pt active sites. From XPS analysis in Figure 
6.4f, the presence of WxC has significantly increased the ratio of metallic Pt in 
5Pt-WxC/CA-CB as compared to 5Pt/CA-CB, which may result from the 
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electron transfer from WxC to Pt particle in the Pt/WxC composites. WxC is 
known to have much lower work function than Pt (3.8 vs. 5.1 eV). Therefore 
when Pt and WxC in 5Pt-WxC/CA-CB are in intimate contact (see Figure 6.2h), 
charge transfer from low work function phase to Pt may occur. This not only 
result in low Pt oxide formation but may also lead to a rearrangement of the Pt 
d-band as shown in Figure 6.6, where Pt d-band is centred at ~3 eV for 
20Pt/CA-CB and shifted slightly to higher binding energy for 5Pt-WxC/CA-
CB, which has an effect similar to alloying Pt with transition metals [40, 41]. 
In fact the down-shift of d-band centre leads to a smaller contribution of back-
donation of Pt 5d electrons to the nonreactive oxygenated species that 
irreversibly bind to the Pt surfaces; hence the re-arrangement of Pt d-band 
structure can enhance the ORR activity of Pt sites by decreasing the 
irreversible formation of Pt oxides/hydroxides. The charge transfer between 
metal catalysts or catalyst supports that lead to d-band rearrangement also 
affect the core-level shifts as observed in our XPS data and other theoretical 
and experimental investigations [42-45]. Weinert and Watson stated that the 
core-level shifts are also affected by the changes in the screening of the final 
state core hole, the Fermi level, intra-atomic charge transfer and the 
redistribution of charge due to bonding and hybridization and etc [46]. This 
means that it is not straight forward to correlate the core-level shifts with the 
d-band rearrangement, nevertheless, in our work where the UPS data of the 
catalysts are available, the correspondence between the XPS shifts and the d-
band centre rearrangement might be possible. 





 Besides the catalytic enhancement through charge transfer, WC also 
plays the role as structural promoter. Its addition can help to maintain Pt 
particles at a small size (~ 9 nm) even though calcination at high temperature 
(1000°C) has been applied to the sample during the synthesis. Higher stability 
Figure 6.6 UPS He II spectra of three different catalysts: 20WxC/CA-CB (green 
color), 20Pt/CA-CB (red) and 5Pt-WxC/CA-CB (black). The spectra have been 
normalized with respect to the C 2p peak at 8 eV binding energy. 
Figure 6.5 RDE voltammetry curves for oxygen reduction on 5Pt/CA-CB, 20Pt/CA-
CB, Pt/C-ETEK, 20WxC/CA-CB and 5Pt-WxC/CA-CB coated electrodes in O2 
saturated 0.1 M KOH at scan rate of 10 mV.s-1. 
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due to lower Pt dissolution and lower agglomeration are also expected from 
the Pt/WC composites in comparison with Pt/C without the presence of WC. 
The Pt-WC synergistic effect thus leads to a better performance for 5Pt-
WxC/CA-CB compared to the catalysts with only Pt (in 5Pt/CA-CB) or WxC 
(in 20WxC/CA-CB).  
 The ORR performance for the catalysts can be quantified using 
Koutecky-Levich (K-L) plots and the number of electrons transferred per O2 
molecule (n) for the catalysts which can be obtained by the K-L equation. The 
K-L plot presents a linear relationship between the reciprocal of measured 
current (I), and the reciprocal of the square root of rotation speed (ω) as given 









𝑏 + 10.62𝑛𝐹𝐴𝐷𝑂22/3𝑣−1/6𝐶𝑂2𝑏 𝜔1/2    6.1 
where 𝐼𝑘  and 𝐼𝑑   are the kinetic and diffusion-limited currents; F is the 
Faraday constant; A is the electrode area; k is the electrochemical rate constant 
for O2 reduction;  𝐶𝑂2
𝑏  (1.2×10-6 mol.cm-3) is the bulk concentration;  𝐷𝑂2 
(1.9×10-5 cm2.s-1) is the oxygen diffusivity [47], and v (1×10-2 cm2.s-1) is the 
kinematic viscosity of water [48].  
 Figure 6.7a shows the K-L plots of the catalysts at 0.867 V. The 
number of electrons transferred per O2 molecule for the catalysts are 0.049, 
2.786, 3.978, 3.979 and 3.984 for 20WxC/CA-CB, 5Pt/CA-CB, 20Pt/CA-CB, 
Pt/C-ETEK and 5Pt-WxC/CA-CB, respectively. It turns out that there is no 
ORR on 20WxC/CA-CB at this potential; the ORR on 5Pt/CA-CB seems to be 
a mixture of the 2-electron and 4-electron reduction pathways, possibly due to 
the presence of the surface oxide on Pt that may have hindered the electron 
transfer, while the ORR on 20Pt/CA-CB, Pt/C-ETEK and 5Pt-WxC/CA-CB 
takes place via the complete 4-electron direct pathway. Figure 6.7b depicts the 
potential dependence of the number of electrons transferred per O2 molecule 
for the samples. The number of electron transferred of any catalyst will 
eventually reach four regardless of the ORR pathways. The difference in the 
ORR performance of the catalysts lies in the potential when the full ORR 
cycle (n = 4) is completed. The number of electron transferred for 20Pt/CA-
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CB, Pt/C-ETEK and 5Pt-WxC/CA-CB reaches four at potentials around 0.9 V, 
while 5Pt/CA-CB completed the 4-electron transfer at around 0.7 V. The n vs. 
potential curve for 20WxC/CA-CB shows a drop at around 0.45 V, which 
correspond to a decrease in the current density in the ORR curve as depicted in 
Figure 6.5. The drop may be due to the formation of tungsten oxide from W or 
WxC that has caused the depletion of the oxidant and also resulted in the 
decrease of some catalytically active sites. This phenomenon is not observed 
on 5Pt-WxC/CA-CB. The main reason for the suppression of the formation of 
tungsten oxide is due to the Pt-enhanced stability of WxC on the catalysts 
surface. The stabilization of surface WxC by Pt prevents W or WxC from being 
oxidized by dissolved oxygen during the polarization, and hence Pt doping in 
WxC has not only enhanced the formation of WxC during the synthesis but 
also prevents oxygenated species from bonding too tightly to the surface of W 
or WxC during the ORR process. 
 
Figure 6.7(a) KL plots for oxygen reduction on 5Pt/CA-CB, 20Pt/CA-CB, Pt/C-
ETEK, 20WxC/CA-CB and 5Pt-WxC/CA-CB coated electrodes at 0.867 V. (b) The 
potential dependence of the number of electrons transferred per O2 molecule. 
(a) 
(b) 
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 Cyclic voltammograms (CV) of the catalysts are shown in Figure 6.8. 
The CV shape of 20WxC/CA-CB is similar to the CV shape of WC reported 
by Tominaga et al. [49], indicating that most of the tungsten carbide in 
20WxC/CA-CB exists as the catalytically less active WC and not as the more 
active W2C. The polycrystalline nature of Pt nanoparticles gives rise to the 
hydrogen adsorption/desorption peak patterns as shown in the potential region 
of 0.1 V ~ 0.4 V for the Pt containing catalysts. The most dominant desorption 
peak at around 0.138 V, which can be observed on the CV of 5Pt/CA-CB, 
20Pt/CA-CB, Pt/C-ETEK, and 5Pt-WxC/CA-CB, is characteristic of the Pt 
(110) surface [50]. The most dominant peak of 5Pt-WxC/CA-CB seems to be 
negatively shifted by 0.026 V compared to the Pt (110) peak, and this is due to 
the contribution of W2C in the catalyst according to Tominaga et al. [49] The 
shift shows that the electron transfer towards the cathode for 5Pt-WxC/CA-CB 
starts at a lower potential than the other Pt catalysts, and this will lead to a 
lower internal resistance at the anode of actual fuel cell operation [49]. 
Nevertheless, although the onset of electron transfer to cathode is earlier for 
5Pt-WxC/CA-CB, which suggests that it may be a good catalyst, its smaller 
value of average hydride adsorption/desorption charge (QH) will suggest 
otherwise. 
 
Figure 6.8 Cyclic voltammograms of 5Pt/CA-CB, 20Pt/CA-CB, Pt/C-ETEK, 
20WxC/CA-CB and 5Pt-WxC/CA-CB in Ar saturated 0.1M KOH at a scan rate of 20 
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 The integration of the peak area gives the hydride 
adsorption/desorption charge density (𝜌𝐻) for the catalyst. The magnitudes of 
𝜌𝐻 calculated for the catalysts are in the increasing order of 44.3, 68.2, 117.4 
and 131.7 C m-2 for 5Pt-WxC/CA-CB, 5Pt/CA-CB, 20Pt/CA-CB and Pt/C-
ETEK, respectively. The value of 𝜌𝐻  for 5Pt-WxC/CA-CB is significantly 
smaller than 5Pt/CA-CB even though they have the same Pt loading. The 
formation of WxC around Pt seems to suppress the adsorption of hydrogen on 
Pt surface. From the disappearance of the desorption current at around 0.13 to 
0.2 V which is the contribution from Pt(100) surface, we can infer that WxC 
are mainly in contact with Pt on Pt(100) and the CV of 5Pt-WxC/CA-CB 
suggests that the hydrogen adsorption takes place mainly on the Pt/W2C 
interface (which are the edge sides of Pt). But in general, the presence of WxC 
reduces the number of active Pt sites for hydrogen adsorption. Therefore, from 
the ORR and CV characterization, 5Pt-WxC/CA-CB is a superior ORR 
catalyst, but it may not be a good anode catalyst. Nonetheless, the lower onset 
potential of electron transfer of 5Pt-WxC/CA-CB suggests that further 
investigation on the Pt-WxC hybrid as the anode catalyst for fuel cell is still 
worthy of effort. 
 Stability of the 5Pt-WxC/CA-CB was tested with CV cycling for 300 
times in O2 saturated 0.1 M KOH solution at a scan rate of 10 mV.s-1. The CV 
curves for the catalysts at different cycles are depicted in Figures 6.9a and 
6.9b. Most of the CV curves are located in the negative regime during the 
cycling process due to the ORR current in the background. No significant 
changes in the CV curves for both catalysts are observed, hence suggesting the 
stability of Pt and WxC for the catalysts in the cycling window. This is 
different from the electrochemical stability of platinized WC in aqueous 
H2SO4, where the WC surface was oxidized to WOx at potentials larger than 
0.8 V [26]. This is probably due to the fact that alkaline solutions are far less 
corrosive compare to acidic solutions.  




 Prior to cycling test, the catalysts were tested for ORR at 2000 rpm and 
a scan rate of 10 mV.s-1. After the CV cycling, the ORR performance for the 
catalysts was evaluated again under the same experimental conditions. The 
ORR curves measured before and after the CV cycling for both catalysts are 
presented in Figure 6.9c and 6.9d. From the figures, the ORR curves show 
different aspect of degradation for the two catalysts. The half-wave potential 
of the ORR for Pt/C-ETEK is dropped by 25 mV while the drop in limiting 
current density is around 0.38 mA.cm-2. The change in the half-wave potential 
for 5Pt-WxC/CA-CB is slightly smaller at about 4 mV but the limiting current 
density dropped by a larger value at 0.78 mA.cm-2. The decrease in the half-
wave potential corresponds to the loss of activity during CV cycling, from the 
changes of the half-wave potentials of the two catalysts, the incorporation of 
WxC to Pt catalyst seems to increase the stability of the Pt catalyst. This is not 
a surprising outcome since the addition of metal particles such as gold clusters 
to Pt/C was known to help stabilizing Pt against dissolution under potential 
cycling regimes [51]. Limiting current density for ORR is achieved when the 
overpotential is high enough so that the reaction rate is determined by the 
(a) (b) 
(c) (d) 
Figure 6.9 CV cycling of a) Pt/C-ETEK and b) 5Pt-WxC/CA-CB in O2 saturated 0.1 
M KOH solution at a scan rate of 10 mV s-1. ORR curves measured at 2000 rpm in 
O2 saturated 0.1 M KOH solution at a scan rate of 10 mV s-1 for c) Pt/C-ETEK and d) 
5Pt-WxC/CA-CB. 
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diffusion of oxygen. The drop in limiting current density that was found to be 
larger for 5Pt-WxC/CA-CB compared with Pt/C-ETEK indicates that the mass 
transport impedance was larger for 5Pt-WxC/CA-CB after the CV cycling. 
This might be due to the migration of Pt-WxC composites that blocks the 
diffusion of oxygen to the bulk of the catalysts layer. This effect is larger for 
Pt-WxC than pure Pt since for the same metal loading (in weight), WxC has 
larger volume due to lower density (ρWC = 15.6 g.cm-3, ρW2C = 14.8 g.cm-3) as 
compared to Pt (ρPt = 21.5 g.cm-3), thus the blockade of diffusion pathways is 
more likely than that of pure Pt particles. 
 
6.6 Conclusions 
 WxC and Pt-WxC nano-catalysts supported on carbon black were 
synthesized using a simple co-impregnation and thermal reduction method. 5 
wt% Pt doped WxC catalyst shows significant enhancement in the ORR 
characterization and its performance is comparable to that of the 20 wt% Pt/C 
catalyst. The improvement in ORR performance is due to the prevention of 
agglomeration of the metal catalyst when Pt and W were co-reduced; 
suppression of oxide formation on Pt surface, and a charge transfer from Pt to 
W that enhances the formation of WxC and stabilizes WxC during ORR as 
suggested by XRD, XPS and electrochemistry investigation. The synergistic 
effects of Pt-WxC which arises from the charge transfer of the metal-metal 
hybrid interaction are the cause of the enhancement. In conclusion, Pt-WxC 
hybrid nano-catalyst is a promising candidate as cathode catalyst of fuel cells 
that can be used to reduce the utilization of the expensive Pt metal. The 
findings on the synergistic effects in this hybrid material are important in 
assisting the future design of more efficient and durable ORR catalysts. 
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 To understand the role of WxC in the Pt/WxC/CA-CB catalyst for ORR, 
the adsorption properties of Pt on WxC(100) surfaces and the impact on O2 
dissociation were investigated in this chapter using first-principle DFT 
calculations. Pt on various adsorption sites on dominant low-index WxC 
surfaces was found to be stable. The adsorbed Pt atoms are unlikely to diffuse 
into the bulk and in general resistant to bulk-like clustering. The strong 
adsorption of Pt atoms on the surfaces lowers the surface energies of the 
Pt/WxC(100) systems and this also causes further downshift of d-band centre 
of the surface slabs. Because of the stability of Pt atoms on different WxC low-
index surfaces, these WxC surfaces are effective supports for single-atom 
platinum catalysts. O2 dissociation at high oxygen coverage on many single Pt 
atom catalysts on WxC(100) was found to be thermodynamically inhibited and 
the dissociated O atoms might recombine to form O2 molecules. However on 
Pt-WC2-hole/α-W2C(100)_C the dissociation of O2 was favourable and the 
probability for H2O2 formation was reduced. This system has high Pt 
adsorption energy while its d-band is closer to the Fermi level. The adsorption 
of Pt on this surface can lead to the generation of new interface site (i.e. the 
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7.1 Single-site Heterogeneous Catalysis by tungsten carbide 
 The idea of Pt monolayer (ML) catalysts is similar to the concept of 
‘‘single-atom’’ catalysts proposed by Sir John Meurig Thomas [1]. These 
catalysts are single-site heterogeneous catalysts with individual isolated atoms 
anchored to a support. Single-atom catalysts not only have the advantage of 
reducing the loading of costly noble-metal catalysts, these catalysts might also 
affect the kinetics of the reactions being studied and change the selectivity of 
different molecular products. Recently, Kyriakou et al. demonstrated that 
individual, isolated Pd atoms in a Cu surface as the catalyst for hydrogenation 
of styrene and acetylene has higher selectivity compared with pure Cu or Pd 
metal alone [2]. Qiao et al. also reported that isolated Pt atoms supported on 
FeOx exhibited excellent stability and high activity for both CO oxidation and 
preferential oxidation of CO in H2 [3]. 
 The performance of an electrocatalyst may be greatly influenced by the 
properties of the support materials. The effects of the support on catalysis 
include decorative effect (effective dispersion), electronic effect (charge 
transfer between the metal and support), new alloy phase formation and 
generation of new interface sites. WxC are known for its good electrical 
conductivity hence it has been thought to be a possible support material for 
electrocatalysis. Levy and Boudart are the first to discover that low-cost 
tungsten carbide exhibit Pt-like catalytic properties for several reactions that 
were previously thought to be catalyzed only by Pt-group metals [4]. Since 
then, the catalytic properties of tungsten monocarbide (WC), tungsten 
semicarbides (W2C) and related transition metal carbides (TMC) have been 
extensively investigated experimentally for various electrochemical reactions 
[5-14]. Refer to previous chapter, we showed that the presence of WxC in 
carbon-supported Pt-WxC catalysts could greatly enhance the ORR activity of 
Pt and hence reduce Pt loading. WxC may play a role as a structural promoter 
by preventing agglomeration of Pt particles and it may also serve as an 
electronic promoter by preventing Pt from oxidation and modifying Pt d-band 
structure via charge flow from W2C to Pt [8]. There are also a number of 
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theoretical studies in literature: some are on the bulk properties of WxC 
structures [15-19], while a few are on the properties of hexagonal WC surfaces 
[20, 21], including the adsorption and dissociation of molecules or adsorbed 
noble metals layer on hexagonal WC(001) [9, 22-29] and hexagonal WC(100) 
surfaces [30, 31].  
 In the present chapter, single Pt atoms on WxC surfaces as the catalyst 
for ORR, using first principle calculations was investigated. This study 
focuses on the WxC surfaces in the [100] direction, a major low-index phase 
and the surfaces of W2C structures which are previously not discussed in the 
literature were included. Isolated Pt atoms are placed on the WxC slabs to 
investigate the role of WxC as the support for single atom Pt catalyst. The 
dispersion of Pt on the WxC surfaces is found to be stable on various 
adsorption sites and the metal-support interaction lead to changes in the 
surface energies and the d-band positions of the surfaces. O2 dissociation on 
single Pt atoms decorated WxC(100) structures is studied in an extreme 
condition with high oxygen coverage to mimic the condition of catalyst 
surface at high current densities. 
 
7.2 Computational method and details 
 The density functional theory [32, 33] calculations in this report have 
been performed using the Cambridge Serial Total Energy Package (CASTEP) 
codes [34]. Ultra-soft Vanderbilt pseudo-potentials were employed to describe 
the interactions between ionic core and valence electrons [35]. The relativistic 
effects for valence shells of heavy transition atoms were included in the 
pseudo-potentials based on the Koelling-Harmon scalar relativistic wave 
equations [36]. The exchange–correlation interaction was described by the 
generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof 
(PBE) functionals [37]. The valence electrons considered for C, O, W and Pt 
in the calculations are 2s22p2, 2s22p4, 5s25p65d4 6s2 and 5d96s1, respectively. 
Brillouin zone was sampled with 10×10×10 and 5×5×1 k-point grids using the 
Monkhorst–Pack method for the bulk and the surfaces, respectively [38]. The 
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plane-wave kinetic energy cut-off was set to 400 eV for all calculations. 
Structures used in the calculations were optimized using the Broyden–
Fletcher–Goldfarb–Shanno (BFGS) algorithm [39] and were relaxed through 
minimization of the Hellmann-Feynman forces acting on the atoms to less 
than 0.01 eV/Å and the total energies of the structures converged to 5.0×10-6 
eV/atom.  
 Periodic slab models of WC polymorphs with seven layers of atoms 
were used for the investigation of Pt adsorption on WC surfaces. A 15 Å 
vacuum region was included in the supercells to minimize interactions 
between their periodic images. Pt atoms and the top three atomic layers were 
allowed to fully relax while keeping the bottom four layers fixed at the 
optimized bulk configuration.  
 The transition state (TS) of the O2 dissociation reaction was located by 
using the complete linear synchronous transit and quadratic synchronous 
transit (LST/QST) method [40-42]. The TS search starts with the LST 
maximization, followed by an energy minimization in directions conjugate to 
the reaction pathway. Subsequently, the TS approximation obtained was used 
to perform QST maximization. Another conjugate gradient minimization was 
performed after the QST maximization. This cycle was repeated until a  
stationary point with only one imaginary frequency (TS) is found. 
 Spin polarized calculations for oxygen adsorptions were done as 
references. The lowering of the adsorption energies due to the spin 
polarization effect for both the end-on type and the bridge type adsorption of 
the molecular precursor states (MPS) and the atomic O adsorption are small 
and negligible. This does not alter any conclusions in this study and hence is 
reasonable to neglect the effect of spin polarization. Similar conclusion was 
also reported for the adsorption of MPS at the Pt(111) terraces by Šljivančanin 
and Hammer et al. using GGA-RPBE exchange-correlation functionals [43]. 
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7.3 Bulk properties of WxC structures 
 The most well-known structure in the WxC (typically x=1 or 2) system 
is the hexagonal tungsten monocarbide (h-WC) with the space group 𝑃6�𝑚2. 
In addition to hexagonal phase, WC also exists in cubic structure with the 
space group 𝐹𝑚3�𝑚 . Cubic tungsten monocarbide (c-WC) is a high-
temperature phase which can be synthesized through rapid quenching process 
from its liquid state [44, 45]. Apart from tungsten monocarbide, WxC 
materials also exist as lower hexagonal carbides, tungsten semi-carbides 
(W2C). These W-rich version of the WxC structures are classified in four 
different modifications (polymorphs), which are denoted as α-, β-, γ- and ε-
W2C. The space groups for the four polymorphs of W2C are listed in Table 7.1. 
More detailed investigations on the WxC structures can be found in the works 
of Kurlov and Gusev [15, 16]. 
 Of all the lower carbide polymorphs, the structure of γ-W2C is 
considered as a high-temperature disordered phase. The tungsten atoms in γ-
W2C form the hcp sub-lattice while carbon atoms occupy the octahedral 
interstitials with a probability of 1/2. Li et al. treated γ-W2C with supercell 
method and allowed the uniform distribution of vacancies and hence resulted 
in two crystal structures for γ-W2C [18]. Calculations using the two crystal 
structures of γ-W2C basically yield identical results, hence in this work, we 
adopted only one of the structures to save computational resources. 
 The bulk properties of WxC structures have been studied extensively 
both theoretically and experimentally and can be found in the literature [15-18, 
21]. Here the bulk properties of all six WxC structures of various phases are 
calculated and presented in Table 7.1 for comparisons. The cohesive energies 
were calculated using  𝐸coh(W𝑥C) =  𝐸bulk(W𝑥C) − 𝑥𝐸iso(W) − 𝐸iso(C)  , 
where 𝐸iso(A) is the energy of the isolated atom of element A. The formation 
energies of the WxC structures were calculated with respect to the metallic bcc 
tungsten and graphite (Cgraphite), and the equation is defined as 𝐸form(W𝑥C) = 𝐸tot(W𝑥C) − 𝑥𝐸tot�Wcrystal� − 𝐸tot�Cgraphite� . Theoretical and experimental 
results from different groups are presented in the table for comparisons. The 
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calculated properties of all the WxC structures are in good agreement with the 
references [16-18].  
Table 7.1 The bulk properties of the WxC structures including the values obtained 
experimentally or by calculation from other groups as comparison. 
Phase h-WC c-WC α-W2C β-W2C γ-W2C ε-W2C 
Space group 𝑃6�𝑚2 𝐹𝑚3�𝑚 𝑃3�𝑚1 𝑃𝑏𝑐𝑛 𝑃11 𝑃3�𝑚1 



























ρ [g/cm3] 15.506 



































a Experimental data summarized by Kurlov et al. [16] 
b Theoretical results from Suetin et al. [17] 
c Theoretical results from Li et al. [18] 
1 Bulk γ-W2C has space group of 𝑃63/𝑚𝑚𝑐 , P1 symmetry was used in the 
calculation since it was done using the supercell. 
 
 The calculated total density of states (TDOS) and projected density of 
states (PDOS) for the WxC structures and Pt(100) are compared in Figure 7.1. 
Similar DOS features are observed for the WxC structures. The low lying 
peaks at around -10 eV to -15 eV from the Fermi level are mainly due to the 
contribution from the C 2s states. These peaks are separated from the valence 
bands by gaps of 2 to 3 eV. The lower part of the valence bands, around -4 to -
9 eV show a distinct p-d band overlaping of the C 2p and W 5d states with 
similar shapes and intensities [18]. This hybridization of C 2p and W 5d states 
give rise to the covalent nature of the W-C bonds while the d-bands which are 
split into bonding and anti-bonding states with non-zero DOS at the Fermi 
level render the materials metallic-like properties [17].  
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 The Fermi level of h-WC is positioned close to a minimum in the DOS, 
which separates the bonding and anti-bonding states. This makes h-WC the 
most stable tungsten carbide since the bonding states are occupied while the 
anti-bonding states are completely empty. On the contrary, the Fermi level of 
c-WC is located closer to the maximum of DOS formed primarily of W 5d 
antibonding states, hence making c-WC the most unstable carbide. The Fermi 
levels for the four W2C polymorphs are slightly above the minimum of DOS 
due to more contribution from the W 5d electrons since W2C represents the W 
rich condition. This leads to the partilly filled antibonding states for the W2C 
ploymorphs, placing the stability of these polymorphs in between of h-WC 
and c-WC. This conclusion agrees very well to the 𝐸form calculated as listed in 
Table 7.1. The stability sequence of the WxC system in the decreasing order is  
h-WC  > β-W2C > γ-W2C > ε-W2C > α-W2C > c-WC, based on 𝐸form in Table 
7.1. Our stability sequence is different from that of Suetin et al. (i.e. h-WC  > 
ε-W2C > β-W2C  > γ-W2C > α-W2C > c-WC) and Li et al. (h-WC  > γ-W2C > 
β-W2C  > ε-W2C > α-W2C > c-WC). This is primarily due to the uncertainty in 
Figure 7.1 Total DOS and projected DOS of different bulk WxC structures with 
Fermi energy at 0 eV. 
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subtracting the energies of different unit cells especially when the difference 
in the energies are less than 0.05 eV (see Table 7.1). Nevertheless, from the 
comparison of the results, we can still conclude that h-WC is the most stable 
while c-WC is the most unstable WC structure and α-W2C is the least stable 
W2C structure of the four polymorphs. 
 
7.4 WxC (100) surfaces 
 The (100) surfaces are the major low-index planes of h-WC and other 
WxC structures [30]. Hence the (100) surfaces were chosen to study their role 
as single-atom Pt supports. Seven-atomic-layer slabs were used since recent 
research on low-index WC surfaces with similar methods showed that the 
slabs with more than seven atomic layers possess a bulk-like interior and when 
the number of layer is five or higher, the surface energies converge to constant 
values [21, 30]. Only the (100) surface of ε-W2C(100) and  c-WC(100) are 
symmetrical and stoichiometric, and the notation _WC is used to indicate non-
polar termination of the surfaces. All other WxC(100) slabs have polar 
surfaces, and their terminal surface layer can consist of either a single species 
of tungsten(W) or carbon (C) atoms and the notations _W and _C are used to 
represent W-termination and C-termination respectively. The optimized slabs 
are found to have observable relaxation but do not show any sign of 
reconstruction which is in accordance with most of the theoretical calculations 
[21, 25, 30]. Brillo et al. examined both W and C-terminated h-WC (001) 
using low energy electron diffraction (LEED) structure analysis and concluded 
that there is only a small deviation in the value of the lattice spacing from the 
bulk value and surface reconstruction was not observed [46]. 
 The density of states  of the WxC (100) surfaces are presented in 
Figure 7.2. As shown in Figure 7.2a, the TDOS of WxC surfaces is slightly 
different from the TDOS of the corresponding bulk WxC structures (dotted 
lines), while the TDOS of Pt(100) is quite similar to the TDOS of Pt bulk. 
This is due to the breaking of W-C bonds which are covalent in nature that 
causes the redistribution of electron densities. In general, the surfaces still 
retain similar features to the bulks. For instance the C 2s peaks are still 
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separated by a gap from the valence bands in the DOS and the hybridization of 
C 2p and W 5d is still observed at the bottom at the valence bands (see Figure 
7.2b). This is obvious for stoichiometric and bipolar surfaces  (i.e. the top 
most profile in Figure 7.2 for c-WC(100)_WC) for which the C 2s states are 
basically unchanged as compared to the bulk since their surfaces are 
symmetric and terminating with both W and C atoms on top. This will 
effectively reduce the number of the dangling bonds generated by the surface. 
On the contrary, the C 2s peaks are found to be shifted to higher energy due to 
the reduction of coordination numbers for C atoms near the surfaces in other 
WC structures. This even results in the spliting of the C 2s peaks. Note that the 
closer the C atoms to the surfaces, for example in C-terminated surfaces, the 
greater shift of C 2s states to higher energy is for the resprective polymorphs. 
The TDOS of ε-W2C(100)_WC differs from the bulk slightly. Though it is a 
bipolar surface, ε-W2C has vacant interstitials that are not occupied by carbon 
atoms. This renders ε-W2C(100)_WC more open compared to c-
WC(100)_WC, leading to larger relaxaton of ε-W2C(100)_WC and thus larger 
change in the TDOS. The shift of W 5d states of the surfaces to higher energy 
as compared to the bulk in general causes the anti-bonding states unfilled and 
gives rise to the increase of states near the Fermi level for most of the surfaces 
except for c-WC(100)_WC and α-W2C(100)_C, for the latter of which the 
minimum density of states between bonding and anti-bonding states shifts 
from below the Fermi level in the bulk to the Fermi level for the surface. 
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 Surface energy is the energy increment associated to the formation of a 
unit area of a new surface. For bulk materials (e.g. dimensions larger than 
micron) the surface energy is low since the number of surface atoms is 
negligible compared to the total volume atoms. However in nanoscale systems 
such as the supercells in this study, a large portion of the atoms or molecules 
constituting the system is at or near surfaces, so that the surface energy could 
become substantial compared to the total system energy. The generalized 
definition of the surface energy is given by: [47-49] 
𝜎 = 1
2𝐴
(𝐸slab − 𝑁W𝜇W − 𝑁C𝜇C + 𝑃𝑉 − 𝑇𝑆)      7.1 
Here 𝐴 is the surface area, 𝐸slab is the total energy of a fully relaxed, seven-
layered slab, 𝜇W and 𝜇C are the surface chemical potentials of tungsten and 
carbon, respectively, while 𝑁W and 𝑁C are the corresponding number of atoms 
in the supercell. The surfaces are assumed to be in equilibrium with the bulk, 
consequently the surface chemical potentials are related to the bulk chemical 
potentials by: 
(a) (b) 
Figure 7.2 a) Total DOS  of the WxC(100) slabs and the corresponding bulk (dotted 
lines). b) PDOS of the WxC(100) slabs. 
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𝑥𝜇W + 𝜇C = 𝜇W𝑥C(bulk)       7.2 
Using Equations 7.1 and 7.2 and the fact that 𝑃𝑉 and 𝑇𝑆 can be neglected 
since the calculations are carried out under 0K, the surface energy of WxC slab 
can be rewritten as: 
𝜎W𝑥C(100) = 12𝐴 �𝐸slab − 𝑁W𝑥 𝜇W𝑥C(bulk) + �𝑁W𝑥 − 𝑁C� 𝜇C�    7.3 
 The value of 𝜇W𝑥C(bulk) was taken from respective converged bulk 
calculations. For stoichiometric surfaces the coefficient for 𝜇C vanishes, while 
for non-stoichiometric surfaces, 𝜎W𝑥C(100) will be a function of 𝜇C. 
 The formation energy of the bulk WxC, 𝐸form(W𝑥C) can be written in 
terms of the surface chemical potentials as: 
𝐸form(W𝑥C) =  𝜇W𝑥C(bulk) − [𝑥𝜇W(bulk) + 𝜇C(bulk)]   7.4 
which leads to: 
𝐸form(W𝑥C) ≤  𝜇C − 𝜇C(bulk)      7.5 
For the formation of stable WxC structures, the chemical potentials of the 
species should be less than or equal to that in the bulk phases (graphite or 
tungsten metal): 
𝜇C ≤  𝜇C(bulk) and       𝜇W ≤  𝜇W(bulk)    7.6 
hence a reasonable range to consider the surface energy should be: 
𝐸form(W𝑥C) ≤  𝜇C − 𝜇C(bulk) ≤ 0      7.7 
If the chemical potential falls outside of this range, the bulk would be 
thermodynamically metastable and whether it would decompose to the 
elemental phases or long lived depends on the kinetics of the system. 
 Figure 7.3 depicts the variations in surface energy of the various slabs 
as function of 𝜇C − 𝜇C(bulk). The surface energy of W-terminated h-WC(100) 
surface (h-WC(100)_W) is found to be 4.34 - 4.62 J/m2, lower than that of C-
terminated h-WC(100) surface 6.61 - 6.89 J/m2 in the entire range of 𝜇C −
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𝜇C(bulk) (- 0.29 eV to 0 eV), which is consistent with the results found in the 
literature [21, 30]. The surface energies are plotted within the range of energy 
where the respective bulk structures are stable, except for c-WC and α-W2C 
surfaces since both of them have positive 𝐸form. The surface energies for c-WC 
and α-W2C surfaces are plotted within the range of - 0.29 eV to 0 eV as 
comparisons.  
 
 The surface energies of WxC polymorphs are usually high, because the 
W-C bond appears to be a mixed covalent/ionic interactions, which are 
relatively strong compared to metallic bond [49]. The surface energy of h-
WC(100)_W is lower due to the screening effect on the C atoms near the 
surface by the close-packed W atoms on the outmost layer [21]. In general, 
stoichiometric  surfaces have lower surface energies, since the co-existence of 
both W and C atoms will effectively compensate some of the dangling bonds 
and hence stabilizing the surface. 
 The surface energies of W2C surfaces are not found in the literature to 
the best of our knowledge. Overall, the surface energies of W2C surfaces are 
Figure 7.3 Surface energies of the WxC(100) slabs. Dotted lines represent the surface 
energy of slabs with C-terminated surface, dash lines represent the surface energy of 
slabs with W-terminated surface and solid lines represent surface energy of slabs 
with stoichiometric surface. C-rich surface means that the chemical potential of the 
surface is close to that of graphite. 
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lower than the non-stoichiometric surface of WC. This is due to the fact that 
during the formation of W2C surfaces, less W-C bonds are cut since W2C 
structures are C-lean variation of hexagonal W-C. We observed that the W-
terminated surfaces have higher surface energies compared to the C-
terminated surfaces, a reverse trend of what we observed the WC surfaces 
above. This can be explained by the number of nearest neighbours (NN) of the 
surface atoms. The W atom on W-terminated W2C surfaces has 2 NN, while C 
atom on C-terminated W2C surfaces has 3 NN which makes them more stable. 
Compared to W-terminated WC surface, W-terminated W2C surfaces are more 
open. The average W-W distance for α-, β-, γ-W2C(100)_W is 4.725, 3.649 
and 4.739 Å respectively, while the average W-W distance for W-terminated 
WC surface is only 3.477 Å. Due to this geometrical factor, the W screening 
effect is not effective for W-terminated W2C surfaces compared to h-
WC(100)_W, hence making the W-terminated W2C surfaces higher in surface 
energy.  
  
7.5 Adsorption and Stability of Pt atom on WxC (100) surfaces 
 The investigation of Pt/WxC(100) surfaces was carried out in a fixed 
coverage of 1 Pt atom per surface formula unit (WxC). The adsorption of Pt 
atoms on the WxC slabs were investigated by geometry optimization with Pt 
atom placed at 5 to 14 starting positions on the slabs depending on the size of 
the supercells. The Pt/WxC slabs were fully optimized and 2 to 5 stable Pt 
adsorption sites were found depending on the surface properties of the 
structures as shown in Figure 7.4. The adsorption sites are basically consists of 
top, bridge and hole. The prefixes of the labels denote the nearest neighbours 
in on the top layer of the surfaces for the bridge and hole sites while the 
suffixes denote the atom below the adsorbed Pt atom, except for top sites. 
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 The binding energies of Pt atoms on WxC surfaces were calculated as a 
function of the chemical potential of Pt (𝜇Pt), which is defined as: 
𝐸Pt
𝑏 = 𝐸tot − 𝐸W𝑥Cclean − 𝑁Pt𝜇Pt       7.8 
where 𝐸tot  and 𝐸W𝑥C
clean  are the total energies of the Pt/WxC(100) system and 
corresponding clean WxC(100) surface for the system. 𝜇Pt can range from the 
chemical potential of isolated Pt atom to the chemical potential of bulk Pt 
depending on the distribution of the Pt atoms on the surfaces. The binding 
energies are denoted as 𝐸Pt-iso
𝑏  when 𝜇Pt is the chemical potential of isolated Pt 
atom, while 𝐸Pt-bulk


















Figure 7.4 Stable adsorption sites for Pt on the WxC(100) slabs 
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 The calculated 𝐸Pt-atom
𝑏  and 𝐸Pt-bulk
𝑏  are presented in Table 7.2. The 
adsorption energies, 𝐸Pt-iso
𝑏  for all the stable sites are negative, showing that the 
adsorption of Pt atoms is exothermic on all the WxC(100) surfaces. The 
formation of single-atom Pt catalyst on WxC(100) has to avoid the bulk-like 
clustering of Pt atoms. When 𝐸Pt-bulk
𝑏  is positive for the particular adsorption 
site, it suggests that the single-Pt adsorption at this site is thermodynamically 
unstable and these Pt atoms are more likely to form bulk-like Pt clusters. 66% 
of the top sites are not stable as single-atom Pt catalysis, 36% of bridge sites 
also favours the formation of bulk-like Pt clusters and only around 7% of the 
hole sites are unable to resist the bulk-like clustering of Pt atoms. This stability 
sequence of Pt adsorption sites is consistent with most observations.  
 
Table 7.2 The binding energies of Pt on the WxC(100) structures with respect to the 
chemical potentials of isolated Pt atom and bulk Pt and the position of the d-band 
centre of Pt/WxC(100) structures with respect to the Fermi level. 
Structure 𝐸Pt-atom
𝑏  [eV] 𝐸Pt-bulk
𝑏  [eV] 𝜀𝑑[eV] 
h-WC(100)_C - - -0.279 
Pt-C-top/h-WC(100)_C -6.446 -0.284 -1.526 
Pt-C2-bridge-C/h-WC(100)_C -6.200 -0.038 -1.418 
Pt-C2-bridge-W/h-WC(100)_C -6.276 -0.114 -1.430 
Pt-W-top/h-WC(100)_C -5.330 0.832 -1.235 
h-WC(100)_W - - -0.258 
Pt-W-top/h-WC(100)_W -6.774 -0.612 -1.388 
Pt-W2-bridge-C/h-WC(100)_W -7.136 -0.974 -1.653 
Pt-W2-bridge-W/h-WC(100)_W -7.190 -1.027 -1.583 
Pt-W4-hole/h-WC(100)_W -8.019 -1.858 -1.953 
α-W2C-(100)_C - - -0.843 
Pt-C2-bridge/α-W2C-(100)_C -5.565 0.597 -1.725 
Pt-W2-bridge/α-W2C-(100)_C -5.447 0.715 -1.724 
Pt-W2C-hole/α-W2C-(100)_C -6.511 -0.349 -2.084 
Pt-WC2-hole/α-W2C-(100)_C -6.561 -0.399 -2.094 
α-W2C-(100)_W - - -0.984 
Pt-W2C-hole/α-W2C-(100)_W -6.919 -0.757 -2.082 
Pt-W-top/α-W2C-(100)_W -6.261 -0.099 -1.406 
Pt-W2-bridge/α-W2C-(100)_W -6.771 -0.609 -1.609 
Pt-WC2-hole/α-W2C-(100)_W -6.343 -0.181 -1.774 
β-W2C(100)_C - - -2.516 
Pt-C2-bridge/β-W2C(100)_C -5.752 0.410 -2.668 
Pt-W3-hole-C/β-W2C(100)_C -6.198 -0.036 -2.670 
Pt-W3-hole-W-1/β-W2C(100)_C -5.933 0.229 -2.872 
Pt-W3-hole-W-2/β-W2C(100)_C -6.618 -0.456 -2.841 
Pt-WC-bridge/β-W2C(100)_C -5.650 0.512 -2.588 
β-W2C(100)_W - - -1.868 
Pt-W3-hole-C-1/β-W2C(100)_W -6.808 -0.646 -2.381 
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Pt-W3-hole-C-2/β-W2C(100)_W -6.999 -0.837 -2.488 
Pt-W3-hole-W-1/β-W2C(100)_W -7.205 -1.043 -2.498 
Pt-W3-hole-W-2/β-W2C(100)_W -7.043 -0.881 -2.529 
γ-W2C(100)_C - - -1.970 
Pt-W2-bridge-W-1/γ-W2C(100)_C -5.607 0.555 -2.204 
Pt-W2 bridge-W-2/γ-W2C(100)_C -6.897 -0.734 -2.773 
Pt-W2C-hole-W/γ-W2C(100)_C -6.249 -0.087 -2.414 
γ-W2C(100)_W - - -1.533 
Pt-W-top/γ-W2C(100)_W -5.928 0.234 -1.898 
Pt-W2-bridge/γ-W2C(100)_W -6.536 -0.374 -2.115 
Pt-W2C-hole/γ-W2C(100)_W -7.028 -0.866 -2.637 
ε-W2C(100)_WC - - -2.469 
Pt-W-top/ε-W2C(100)_WC -4.956 1.206 -2.186 
Pt-C-top/ε-W2C(100)_WC -5.444 0.718 -2.483 
Pt-W2-bridge-1/ε-W2C(100)_WC -6.854 -0.692 -2.546 
Pt-W2-bridge-2/ε-W2C(100)_WC -6.606 -0.444 -2.586 
Pt-W2C-hole-W/ε-W2C(100)_WC -7.008 -0.846 -2.715 
c-WC(100)_WC - - -2.651 
Pt-C-top/c-WC(100)_WC -5.510 0.652 -2.629 
Pt-W-top/c-WC(100)_WC -5.159 1.002 -2.436 
Pt(100) - - -2.235 
Pt(111) - - -2.230 
 
 The diffusion of Pt into the carbon supports is one of the common 
reasons for the decrease in the efficiency of Pt/C catalysts, hence we also 
investigated the thermal stability of Pt inside bulk WxC structures. Pt was 
substituted into the WxC matrices at the W and C sites with the ratio of Pt to 
WxC of 1 : 4. This ratio was chosen to be small enough to reduce the 
interactions between Pt atoms while computationally manageable. The binding 
energies of Pt in bulk WxC are shown in Table 7.3. The positive binding 
energies indicate that it is thermodynamically unfavourable for the diffusion of 
Pt into the WxC supports. The large positive binding energies of Pt in the bulk 
WxC are basically due to the size mismatch of Pt and the smaller W and C 
atoms. Diffusion barriers for the Pt diffusion into the bulk WxC structures 
were not calculated since the values are additional impedances to the Pt 
diffusion hence would not change the conclusion. Furthermore it is 
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Table 7.3 Binding energies of the substitutional adsorption of Pt atoms at W and C 
vacancy sites in bulk WxC. 
 h-WC c-WC α-W2C β-W2C γ-W2C ε-W2C 
𝐸Pt-sub-C
𝑏  [eV/atom] 0.533 0.203 0.670 0.631 0.643 0.657 
𝐸Pt-sub-W
𝑏  [eV/atom] 0.718 0.700 0.577 0.592 0.592 0.593 
 
 The surface energies of Pt adsorbed WxC(100) surfaces are calculated 
using: 
𝜎Pt/W𝑥C(100) = 12𝐴 �𝐸Pt/slab − 𝑁W𝑥 𝜇W𝑥C(bulk) + �𝑁W𝑥 − 𝑁C� 𝜇C −𝑁Pt𝜇Pt� 7.9 
where 𝐸Pt/slab is the total energy of the Pt adsorbed WxC(100) slab, 𝑁Pt is the 
number of Pt atoms adsorbed, and 𝜇Pt  is the chemical potential of Pt. The 
equation is basically the same as Equation 7.3 except for an additional term i.e. 
𝑁Pt𝜇Pt. The chemical potential of Pt (𝜇Pt) varies from the ground state energy 
of an isolated Pt atom (𝜇Pt-atom) and the ground state energy of a Pt atom in the 
bulk FCC structure (𝜇Pt-bulk). The surface energies of the Pt/WxC(100) systems 
decrease as the chemical potential of Pt increases towards the potential of 
isolated Pt atom as shown in Figure 7.5. At 𝜇Pt-bulk when the 𝐸Pt-bulk
𝑏  of the 
particular Pt adsorption site is positive (refer to Table 7.2), the resulting 
surface energy of the Pt/WxC(100) system is higher than the surface energy of 
the clean WxC(100) surface (see Figure 7.5). We can also conclude from the 
graphs that the stronger the adsorption of Pt atom on the surface, the lower the 
surface energy of the Pt/WxC(100) system, which can be easily seen from the 
down shift of the surface energy planes that corresponds to different Pt 
adsorption sites. 
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 The d-orbital PDOS 𝑛𝑑(𝜀), is usually characterized by its moments 
𝑀𝑛 = ∫ 𝑛𝑑(𝜀) 𝜀𝑛 𝑑𝜀+∞−∞
∫ 𝑛𝑑(𝜀) 𝑑𝜀+∞−∞                   7.10 
The first moment is defined as the centre for the d-band, 𝑀1 = 𝜀𝑑 . The 
calculated d-band centres (𝜀𝑑) for the clean WxC(100) surfaces, Pt/WxC(100) 
systems are presented in Table 7.2. The d-band centres for Pt(100) and Pt (111) 
were also calculated for comparison.  
 Compared to Pt(111), there is less information on the d-band centre of 
Pt(100) in the literature, hence the d-band centre of Pt(111) was calculated. 
The calculated d-band centres for Pt(111)  are diverse in the literature, ranging 
from -2.25 to -2.80 eV depending on the methods used [50-56]. Our calculated 
value for Pt(111) is -2.230 eV, close to that of -2.25 eV from Ruban et al. [50] 
Since the values of d-band centre are largely dependent on the methods and 
calculation variations, it is the variation of the d-band centre according to the 
surface structures that is more important. The d-band centre for our relaxed 
Pt(100) is slightly lower that Pt(111) (𝜀𝑑 = -2.235 eV), which is in accordance 
to what is proposed by Hammer and Norskov that relaxation and 
reconstruction of a more open surface (i.e. Pt(100)) would have a lower d-
band centre compared to the most close-packed (111) surface of Pt. This 
observation is also supported by the calculations from Santarossa et al., [51] 
(j) (i) 
Figure 7.5 Surface energies of Pt deposited a) h-WC(100)_C, b) h-WC(100)_W, c) α-
W2C(100)_C, d) α-W2C(100)_W, e) β-W2C(100)_C, f) β-W2C(100)_W, g) γ-
W2C(100)_C, h) γ-W2C(100)_W, i) ε-W2C(100)_WC and j) c-WC(100)_WC slabs at 
various adsorption sites. Note that the chemical potential of isolated Pt atom is higher 
than the Pt in the bulk metal. 
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and the experimental observation by Stamenkovic and Markovic in the 
background-corrected UPS spectra [57]. 
 There exist a weak correlation between the adsorption energies of Pt 
on WxC(100) slabs and the position of d-band centre of the Pt/WxC(100) 
system. As shown in Figure 7.6, for each Pt/WxC(100) system the stronger the 
adsorption of Pt on the surface, the further the d-band centre moving away 
from the Fermi level for the system. This phenomenon can be explained 
through surface electronic and geometric properties of the WxC surfaces. As 
mentioned previously, the existence of C 2p and W 5d overlapping which can 
be seen from the PDOS in Figure 7.1 and Figure 7.2b, renders the covalent 
nature of the WxC structures. This hybridized state is also shown in the graph 
at the bottom of Figure 7.7. We can see that the adsorption of Pt onto the α-
W2C-(100)_C slab has de-coupled this hybridization to a certain degree. 
Nevertheless, as we can observe from the PDOS, the overlapping of Pt 5d, W 
5d and C 2p at -6 eV shows that there exists a new coupling between the three 
atoms. The increment of the peaks at -4 eV shows that the stronger the 
adsorption of Pt, the stronger the coupling of Pt 5d and W 5d states around -4 
eV. This Pt-W interaction is accountable for the downshift of the d-band 
centres as the adsorption energy increases (Figure 7.7). Apart from this change 
in surface electronic structure, geometric factor also influences the surface 
energies of the systems. Stronger adsorption of Pt to a more open surface 
(lower coordination number, higher surface energy) yields a Pt-WxC system 
with higher coordination number (due to adsorption to a open site with more 
possible bonds to create) which in turn leads to broadening and down shifting 
of d-band centre (i.e. the structure becomes lower in surface energy and less 
open). 
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Figure 7.6 Pt binding energies plotted against the d-band centres for the 
Pt/WxC(100) systems. 
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7.6 Dissociative adsorption of O2 on Pt-WxC (100) systems 
Even though the mechanism of ORR catalyzed by Pt is still not totally 
understood at the current stage due to its complexity, two fundamental 
mechanisms, the dissociative mechanism and the associative mechanism are 
proposed for low O2 coverage and high O2 coverage, respectively [58, 59]. 
 The dissociative mechanism consists of three steps: 
1
2
O2+  *  →  O*                    7.11 
O* + H++e → OH*                  7.12 
OH* + H++e → H2O +  *                  7.13 
Figure 7.7 PDOS of Pt/α-W2C-(100)_C structures with different Pt adsorption 
sites. The bottom graph shows the PDOS of clean α-W2C-(100)_C slab. The 
vertical lines below the Fermi level (dotted line at 0 eV) are the position of d-
band centres of respective structures. 
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where ∗ denotes an adsorption site on the surface. 
The associative mechanism has five steps: 
O2 +  *  → O2*                  7.14 
O2* +  H+ + e →  HO2*                 7.15 
HO2* + H++e→ H2O +  O*                            7.16 
O* +  H+ + e  →  OH*                  7.17 
OH* +  H+ + e  →   H2O +  O*                            7.18 
 At high oxygen coverage, the associative mechanism has lower energy 
barriers than the dissociation mechanism hence it is more favourable. 
However at low oxygen coverage, the O2 dissociation is easier due to the 
availability of neighbouring metal sites and hence dissociative mechanism has 
the lower barrier and dominates [59]. Both mechanisms are considered as 
direct 4-electron reduction pathway forming H2O from O2. Nevertheless, the 
presence of adsorbed O2 in the process might lead to the formation of H2O2 if 
the O-O bond is not broken in the subsequent steps. The formation of H2O2 
leads to a 2-electron pathway that competes with the direct 4-electron 
pathways. The slower kinetics of the reduction of H2O2 is undesired in the 
ORR and it reduces the efficiency of fuel cells. Furthermore, H2O2 
decomposes to free radicals that attack the membrane ionomer, which is a 
main cause of membrane degradation.  
 The dissociative mechanism is considered to be the pathway that 
avoids the formation of H2O2, since O2 adsorption breaks the O-O bond and 
forms absorbed atomic O. The O2 dissociation is favourable at low oxygen 
coverage [59], but not favourable at high coverage [58]. However, several 
studies show that dissociation of O2 on Pt(111) is a thermally activated process 
through a molecular precursor (or molecular precursors) at higher coverage 
[60-62]. Hence at high coverage, dissociative mechanism also possesses the 
possibility of forming H2O2 due to the presence of a molecular precursor state 
(MPS).  
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 We study the O2 dissociation at high coverage (1 ML, i.e. O/Pt = 1)  
using a MPS of O2 adsorbed on Pt atoms as the reactant and adsorbed atomic 
O on Pt atoms as the product. We did not consider the physisorption state 
since it was not needed prior to the molecular chemisorption [63]. 
 Three different orientations of the molecularly chemisorbed oxygen are 
generally accepted. These oxygen adsorption models are the side-on (the 
Griffiths model), end-on (the Pauling model), and bridge types (the Yeager 
model) [64]. At higher coverage, the end-on model is favourable since less 
space is required for molecular adsorption of oxygen. Therefore in our 
investigation, the O2 molecules were placed vertically on top of the Pt atoms 
and the structures were allowed to relax. All MPSs in the Pt/WxC(100) 
systems are found to have the end-on type orientation except for Pt-C-top/c-
WC(100)_WC which the geometrical optimization of the structure yield a 
MPS that has the bridge type orientation since the end-on type is unstable for 
Pt-C-top/c-WC(100)_WC.  
 The most favourable adsorption sites for each surfaces were chosen for 
the investigation of O2 dissociation reaction since these would be the most 
likely Pt/WxC(100) structure to obtain after Pt deposition. Only 8 out of the 10 
Pt/WxC(100) systems were found to have transition states and are presented in 
Figure 7.8. The adsorption geometries of the O2 molecules, the Pt-O bond 
lengths, O-O distances as well as the reaction energies and activation energies 
of O2 on the Pt/WxC(100) systems are depicted in the figure. 
 The reactions are generally endothermic except for Pt-WC2-hole/α-
W2C(100)_C, meaning that the O2 dissociation from the MPSs are 
thermodynamically unfavourable. For instance, the O2 dissociation from the 
MPS on Pt(100) has a heat of reaction of 0.05 eV and an activation barrier of 
0.815 eV (see Figure 7.8), hence the reaction is thermodynamically 
unfavourable. This is in accordance with the results from electron energy loss 
spectroscopy (EELS) and thermal desorption spectroscopy (TDS) which 
shows that O2 dissociation is more probable at low O2 coverages, while at 
higher coverages, O2 decomposition is inhibited, which means O2 molecular 
adsorption is preferred compare to O2 dissociative adsorption at high 
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coverages [61]. The O2 dissociation on Pt-WC2-hole/α-W2C(100)_C is an 
exothermic process. The adsorption of atomic O on Pt-WC2-hole/α-
W2C(100)_C leads to a lower energy state than the reactant since the structure 
was optimized to the energy minimum where the atomic O adsorbed on the 
edge of Pt atom and a surface W atom. This demonstrated a 
thermodynamically feasible path that can be provided by single-atom Pt 
catalyst supported on WxC surface for the dissociation of O2 molecules, which 
is observed to be inhibited on pure Pt surface [61]. 
 The potential energy diagrams for the O2 dissociation with the energy 
of the gas phase O2 molecule as energy zero are shown in Figure 7.9. From the 
potential energy diagram, the adsorption energy of O2 on Pt(100) surface is -
0.8 eV. This value is higher than the theoretical value of -0.29 eV for the O2 
adsorption on Pt(100) at an oxygen coverage of 0.25 ML using PW91 
exchange-correlation functional approximations due to difference in the 
functionals used, the adsorption geometries and the O2 coverages [65]. 
Experimentally, TDS study on the O2 adsorption on Pt(100) shows that at 
saturation coverage (i.e. 0.63 ML) the adsorption energy is found to be -1.63 
eV [66]. The discrepancy might be due to the approximation of the DFT 
calculations by the exchange-correlation functionals.  
 It can be seen that at the high coverage of 1 ML, the MPSs are more 
strongly adsorbed compared to the adsorption of atomic O, excluding Pt-
WC2-hole/α-W2C(100)_C (Figure 7.9). Except for Pt-W3-hole-W-2/β-
W2C(100)_C and Pt-C-top/c-WC(100)_WC, the potential energies of the 
transition states are in general equal or less than the potential energy of gas 
phase O2 molecule. This might be due to the strongly adsorbed O2 molecules 
that shifted the kinetics of the reaction paths. Since the TS energy is lower 
than the gas phase O2 molecule, when O2 molecules approaches the 
Pt/WxC(100) surfaces, it can either be adsorbed as MPS or adsorbed as atomic 
O. In most of the cases, the thermodynamics dictate that the dissociated O 
atoms might recombine to form O2 molecules except that the O2 adsorption 
pathway on Pt-WC2-hole/α-W2C(100)_C is more favourable in the other 
direction. For the Pt/WxC(100) structures that favours molecular adsorption, 
the formation of H2O2 on the surfaces is preferred since O2 exists as MPS for 
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most of the time, while for O2 adsorption on Pt-WC2-hole/α-W2C(100)_C, the 
probability for H2O2 formation is reduced since the dissociation of O2 is 
favourable. This helps in reducing the degradation of the polymer electrolyte 
membrane at high current densities (i.e. at high oxygen coverages) when if 
structures of similar property are used as fuel cell catalysts. 
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2.717 Transition state 
Pt-W2C-hole/γ-W2C(100)_W 
Ereaction =  0.076 eV 
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Figure 7.8 The O2 MPS, transition state and atomic O adsorption on Pt/WxC(100) 
with the heats of reaction and activation energies for different adsorption 
geometries of Pt atoms. 
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 O2 dissociation is affected by both the electronic properties and 
geometrical properties of the systems, hence it is difficult to compare between 
these different systems when both factors are not isolated, that is each system 
has its unique geometrical configuration and electronic properties. Pt-WC2-
hole/α-W2C(100)_C has high d-band centre (see Table 7.4), hence the MPS of 
oxygen should bind stronger but due to its C-terminated surface which is 
slightly further from W atoms its binding energy tends to the lower side 
compare to the W-terminated α-W2C(100)_W. This system has a slightly 
higher surface energy (Table 7.2 and Figure 7.5) which indicates that it is a 
more open structure [67] (see Figure 7.8). This would reduce the lateral 
interaction of the atomic oxygen, causing the stronger adsorption of the atomic 
oxygen on Pt-WC2-hole/α-W2C(100)_C (Table 7.4), since the O-O lateral 
interaction is known to be repulsive [58]. Furthermore, the asymmetric 
distribution of W and C atoms around the Pt atom on α-W2C(100)_C causes 
the instability of the adsorption of atomic oxygen on the top of Pt atoms. This 
Figure 7.9 The molecular precursor and transition state energies along the pathways 
depicted in Figure 7.8. The energy zero is taken to be the energy of the gas phase O2 
molecule. 
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leads to the co-adsorption on Pt-W edge site which greatly lowers the energy 
of the system and hence results in an overall exothermic reaction (see Figure 
7.8.) 
 
Table 7.4 Comparison of parameters of Pt/WxC(100) surfaces 
 Surface energy at 
𝜇Pt − 𝜇Pt(bulk) = 


















Pt-W4-hole/h-WC(100)_W 2.822 -0.830 0.702 -0.241 -1.953 
Pt-WC2-hole/α-W2C(100)_C 3.054 -1.253 1.290 -3.319 -2.094 
Pt-W2C-hole/α-W2C(100)_W 2.994 -1.629 0.072 -1.601 -2.082 
Pt-W3-hole-W-2/β-W2C(100)_C 3.159 -1.630 3.280 -1.444 -2.841 
Pt-W3-hole-W-1/β-W2C(100)_W 3.657 -1.564 0.778 -1.030 -2.498 
Pt-W2-bridge-W-2/γ-W2C(100)_C 2.743 -1.296 1.281 -0.015 -2.773 
Pt-W2C-hole/γ-W2C(100)_W 3.105 -1.474 0.383 -1.398 -2.637 
Pt-C-top/c-WC(100)_WC 1.731 -2.773 3.096 -1.387 -2.629 
 
 This O2 dissociation study is not meant to be a comprehensive and 
exhaustive study for the reaction, but rather a proof of concept whereby the O2 
dissociation can be made thermodynamically feasible with single-atom Pt 
catalyst on suitable support materials. Further investigation will be carried out 
to gain more understanding of the effect of WxC supports on the ORR that 
includes the exploration of the complete steps in dissociative mechanism as 




 In a nutshell, WxC surfaces as single-atom platinum based catalyst 
supports are investigated using first-principle DFT calculations. Pt adsorption 
on WxC(100) surfaces are in general stable and resistant to bulk-like clustering, 
hence WxC surfaces provides effective dispersion for single-atom platinum 
catalysts. Furthermore, the substitutional adsorption of Pt atoms at W and C 
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vacancy sites in bulk WxC is energetically unfavourable, which means that Pt 
on the surface of WxC is unlikely to diffuse into the bulk. Two properties of 
the surfaces are found to have correlations with the adsorption energies of Pt 
atoms. First, the surface energies of the Pt/WxC(100) system are found to 
reduce with stronger adsorption of Pt atoms. Second, the stronger the 
adsorption of Pt on WxC surfaces, the further downshift of d-band centre 
(from the Fermi level) of the surface slabs. Preliminary test with O2 
dissociation at high oxygen coverage shows that adsorption of Pt on WxC(100) 
systems can lead o the generation of new interface site (i.e. the catalytic site) 
that are able to change the originally inhibited reaction path to 
thermodynamically favourable one. Among the Pt/WxC systems studied, Pt-
WC2-hole/α-W2C(100)_C is more favourable for O2 dissociation, with low 
activation energy barrier and favourable thermodynamics. (see Fig.9)  This 
system has high Pt adsorption energy while its d-band is closer to the Fermi 
level (see Fig. 7b). In most cases, the dissociated O atoms might recombine to 
form O2 molecules, while on Pt-WC2-hole/α-W2C(100)_C the dissociation of 
O2 is favourable and the probability for H2O2 formation is reduced. Further 
investigation that involves more detail kinetics of the dissociative mechanism 
as well as different mechanisms, side paths and different coverages will be 
carried out for better understanding of the role of WxC supports on ORR. 
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Chapter 8. Conclusions And Future Work 
8.1 Conclusions 
 Fuel cell as a highly efficient energy converter has the capability to 
mitigate environmental issues since it is zero-emission or low-emission 
depending on the fuel it utilizes. The challenge for the commercialization of 
fuel cell technology is the high cost of noble metal. Enhancing the 
performance of fuel cell catalyst could reduce the energy cost and hence helps 
to lower the barrier for commercialization. To enhance the fuel cell 
performance, research and development should be carried out on the key 
technology of fuel cell systems, which is the catalyst layer.  
 This thesis summarizes our efforts in fuel cell catalyst design, 
synthesis and characterization using experimental and theoretical methods. 
The main ideas are to tackle factors that affect the fuel cell performance by 
designing efficient fuel cell catalysts according to multi-dimensional levels of 
control for catalyst design.  
 In Chapter 3, a method of depositing the Pt nanoparticles on the 
surface of the vertically aligned carbon nanotubes (VACNTs) and fabrication 
of MEA from the Pt/VACNT thin film was developed. The PEM fuel cell with 
the Pt/VACNT film showed an excellent performance comparable to that of 
the commercial Pt/C electrocatalyst at 400 µg.cm-2 with a Pt loading at 35 
µg.cm-2. This method is simple, and scalable for mass production. The ordered 
structure of the catalyst layer was found to enhance the mass transports and 
optimized the three-phase boundaries which led to uniform chemical reaction 
conditions. These results indicate by proper design of catalyst layer at 
microscale level, the effectiveness factor of Pt utilization can be improved. 
 The nano-environment surrounding the active sites is also an important 
factor to consider in the nanoscale level of catalyst design. Chapter 4 presents 
the preparation of hydrophilic Pt/CA-CB using citric acid functionalized 
carbon black (CA-CB) as the support to modify the nano-environment in the 
catalyst layer. The catalyst showed effective self-humidifying property in AB-
PEMFC. Pt/CA-CB has similar physical and electrochemical properties to 
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commercial catalyst Pt/C-Com, but has highly hydrophilic property and 
exhibits excellent performance in air breathing PEMFC stack. When thin 
polymer membrane NRE211 was used as the solid electrolyte, Pt/CA-CB and 
Pt/C-Com showed little difference in the fuel cell performance, however when 
thicker polymer membrane (NRE212) was used as electrolyte, Pt/CA-CB-
NRE212 gave a power output of 102 mW.cm-2, which was 23.4% higher than 
that of the commercial catalyst Pt/C-Com-NRE212 under similar testing 
conditions. This result is particularly useful when it applies to a working 
environment with low ventilation and requires a much more durable cell that 
inevitably requires a thicker membrane. Under better oxygen transport 
conditions using an improved cathode design (circle opening), the MEA with 
the combination of Pt/CA-CB, NRE212 and GDL with 30 wt% PTFE showed 
an even higher performance, with 204 mW.cm-2 at 0.45 V, better than that of 
Pt/C-Com, NRE212 and GDL with 30 wt% PTFE (191 mW.cm-2 at 0.40 V). 
Mathematical analysis of the polarization curves with semi-empirical current 
voltage equations revealed that self-humidifying Pt/CA-CB catalyst possessed 
high water retention capability and was able to maintain the hydration level of 
the membrane that reduced the internal cell resistance. This result is especially 
useful for portable applications of PEMFC, where self-humidification and air-
breathing are essentials. 
 Chapter 5 develops a template strategy to synthesize metal-carbon 
nanocomposites as an alternative to conventional supports for alloyed Pt 
catalysts. NiRuC, FeRuC, and CoRuC with bimetallic Ni-Ru, Fe-Ru, and Co-
Ru nanoparticles embedded into the pore channels of ordered mesoporous 
carbon were synthesized and characterized. Pt nanoparticles were deposited 
onto the nanocomposites as MOR catalysts. Kinetic-based impedance model 
was used to simulate the electrochemical properties of the catalysts, which 
well matched up to the MOR performance of the catalysts. The trimetallic 
catalysts incorporated in the mesoporous carbon were found to enhance the 
MOR performance of Pt particles through metal-support interaction. Charge 
transfer effect as the major factor of the enhancement of MOR performance 
was demonstrated by the results.  
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 Pt-WxC nano-catalysts for ORR were experimentally studied in 
Chapter 6. WxC and Pt-WxC nano-catalysts supported on carbon black were 
synthesized using a simple co-impregnation and thermal reduction method. In 
the presence of WxC, Pt loading in carbon-supported Pt-WxC catalysts can be 
reduced to 5% while the ORR performance of the Pt-WxC catalyst remains 
comparable to that of a commercially available 20% Pt/C catalyst. WxC may 
play a role as a structural promoter by preventing agglomeration of Pt particles. 
On the other hand, Pt is found to promote the formation of WxC during the 
synthesis and also to stabilize WxC during ORR. The findings on the 
synergistic effects of this hybrid material are important in assisting the design 
of low cost, more efficient and durable ORR catalysts. 
 First-principle DFT calculations were conducted in Chapter 7 to study 
the ORR on WxC supported single-atom platinum catalysts and understand the 
role of WxC. Pt adsorption on WxC(100) surfaces is in general stable and 
resistant to bulk-like clustering, and hence WxC surfaces as a catalyst support 
provide effective dispersion for single-atom platinum catalysts. Furthermore, 
the substitutional adsorption of Pt atoms at W and C vacancy sites in bulk 
WxC is energetically unfavourable, which means that Pt on the surface of WxC 
is unlikely to diffuse into the bulk. The surface energy of the Pt/WxC(100) 
systems was found to reduce with stronger adsorption of Pt atoms. The 
stronger the adsorption of Pt on WxC surfaces, the further downshift of d-band 
centre (from the Fermi level) of the surface slabs. The stable deposition of Pt 
on WxC(100) systems can lead to the generation of new interface site (i.e. the 
catalytic site) that are able to lower the activation energy barrier and catalyze 
the oxygen reduction. In most cases, the dissociated O atoms resulting from 
the O2 dissociation might recombine to form O2 molecules, while on Pt-WC2-
hole/α-W2C(100)_C the dissociation of O2 is favourable and the probability 
for H2O2 formation is reduced. 
 
8.2 Future work 
1. Utilize computational fluid dynamics methods to develop a comprehensive 
physical model that includes structural details in fuel cell electrode. 
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Alternative structures of the fuel cell electrodes will be considered in the 
models and the performance of different models will be simulated and 
compared. Experimentally fabrication of these fuel cell electrode will be 
carried out and the performance will be evaluated to verify the results obtained 
from the physical models or vice versa.  
2. Molecular dynamics simulations will be used to investigate the effect of 
surface properties (surface functionalities and surface structure) on the 
diffusion of reactants and products as well as the reconstruction of the catalyst 
layer during the process. This can be used to investigate the stability of the 
steady state models proposed above.  
3. Apply DFT for high-throughput screening of potential fuel cell catalyst 
materials. Different composition of alloys and effects of alloying will be 
investigated. Pt-free catalyst will be explored as well. Experimental synthesis 
of these catalysts will also be carried out to verify theoretical predictions and 
vice versa. 
4. Integration of the three levels (microscale, nanoscale and molecular) of 
catalyst design in fabrication of an optimized fuel cell catalyst layer. It will be 
a difficult project since many competing factors need to be optimized and the 
stability of the system should be considered. Nevertheless, the integration is 
necessary for the catalyst design since these multi-dimensional levels exist and 
function simultaneously inside the catalyst layer. 
